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1.1. STARCH 
Starch is a major storage form of carbohydrate in many economically 
important crops such as wheat, rice, maize, tapioca and potato. It is the most abundant 
biomolecules in nature after cellulose. It is used as a source of energy for non-
photosynthetic microorganisms, animals and humans (Goyal et al., 2005; Singh et al.. 
2007). Furthermore, it has many industrial applications like manufacturing of papers, 
textiles, pharmaceuticals and biodegradable polymers (Van der Maarel et al., 2002: 
Ray. 2011). 
The microscopic granules of starch are composed ol" a-glucose units linked by 
a-1.4 and a-1,6 glucosidic bonds. It is composed of two distinct polysaccharides 
namely amylose and amylopectin. Amylose is a linear polymer of a-l,4-linked 
glucopyranose while amylopectin is a highly branched polymer consisting of amylose 
chains linked at branch points by a-1,6 glucosidic bonds. The average number of 
branching points occurred at every 17-26 glucose units but varies with the botanical 
origin (Myers el al., 2000). In water, amylose form polydisperse hydrated micelles 
with molecular weight varied from hundred to thousand while the molecular weight of 
amylopectin may be as high as 100 million having colloidal or micellar grade. The 
relative proportion of these polymers plays a significant role in the physical properties 
of native and derived starch (Van der Maarel et al., 2002). 
Although starch used directly as a raw material in manufacturing textiles, 
paper, biodegradable plastic film, pharmaceuticals and adhesives but most of the 
industrial applications involves its modification or processing either by acidic 
hydrolysis or enzymatic treatment. The traditional acidic hydrolysis requires high 
temperature and pressure resulting unnecessary by-product formation which 
contaminate end product hydrolyzates. On the other hand enzymatic hydrolysis is 
carried out under mild experimental conditions such as temperature, pH and pressure. 
Besides, it has many benefits over traditional hydrolysis like efficient reaction rate, 
high stability of the enzyme against denaturation caused by solvents, detergents, 
proteolytic enzymes and decrease in viscosity of the medium at higher temperatures 
(Pandey, 1995; Van der Veen et al, 2006; Tasic et al, 2009). The properties of 
amylose and amylopectin in starch from different sources are summarized in Table 1. 
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Table 1: Properties and average values of amylose and amylopectin in various 
sources of starch (Swinkels, 1985). 
Content 
Amylose content (%) 
Amylopectin content (%) 
Amylose; degree of 
polymerization (DP) 
Amylopectin; degree of 
polymerization x 10 
Number of amylose 
molecules per g starch 
1 n20 X 10 
Number of amylopectin 
molecules per g starch 
xlO'^ 
Ratio number of 
molecules amylose : 
amylopectin 
Average degree of 
polymerization of 
starch molecules 
Solubility (%) 
at 95°C 
Potato 
21 
79 
3000 
2 
30 
150 
200 
14000 
82 
Maize 
28 
72 
800 
2 
130 
130 
1000 
3000 
25 
Sources of 
Wheat 
28 
72 
800 
2 
130 
130 
1000 
3000 
41 
starch 
Tapioca 
17 
83 
3000 
2 
20 
150 
150 
18000 
48 
Waxy maize 
0 
100 
2 
0 
190 
0 
2000000 
23 
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1.2. AMYLASES 
There is a great interest in exploring the enzymes catalyzing the hydrolysis of 
glucosidic bonds due to their wide analytical, industrial, therapeutic, biochemical and 
biotechnological applications (Maria el ai, 2010). Use of specific enzymes is 
becoming more popular for the hydrolysis of complex carbohydrate molecules. The 
broader understanding of biological structures and functions of these enzymes have 
shown their potential in several biotechnological processes (Tester and Karkalas, 
2006; Grosova et al., 2008). Though, the overall impact of enzymes on industry is still 
quite limited due to high cost of their production and purification. Potential 
advantages of enzymes like high specificity, improved activity, high turnover number 
and biodegradability are offset by glaring disadvantages of intrinsic instability and 
high cost of production and processing (Neri et ai, 2009a). 
Among various classes of enzymes, amylases are industrially most important 
due to their uses in food, fermentation and pharmaceutical that accounts 
approximately 30% of the world's enzyme production (Sidhu et al, 1997: Rao et al. 
1998; Alkando and Ibrahim. 2011). Amylases are glucosyl hydrolases which catalyze 
the hydrolysis of starch and other related polysaccharide molecules into diverse 
products including dextrins and progressively smaller polymers composed of glucose 
units (Sorensen et al, 2004; Muralikrishna and Nirmala, 2005). The history of 
amylases began when the first amylase namely diastase was isolated from fungi and 
used for the treatment of digestive disorder. However, the industrial production of 
amylase was first reported in 1894 (Pandey et al, 2000). Initially the term amylase 
was used to designate enzymes that hydrolyzing a-1,4 glucosidic bonds of amylosc, 
amylopectin, glycogen and their degradation products (Bernfeld, 1955). In recent 
years a number of starch and related polysaccharide hydrolyzing enzymes have been 
identified and studied. Based on mode of actions, enzymes hydrolyzing starch can be 
divided into three classes as endoamylases, exoamylases and debranching amylases 
(Gomes ei al, 2005). 
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I. ENDOAMYLASES 
Endoamylases randomly cleave a-1,4 glucosidic bonds in amylose, amylopectin 
and other related polysaccharides including starch and glycogen. These enzymes 
produce oligosaccharides of varying chain lengths with a configuration on C| position 
of the reducing glucose unit, a Amylases are the most important endoamylases that 
hydrolyze bonds located in the inner regions of the substrate and it result in 
decreasing viscosity of starch solution (Reddy ef al, 2003). 
II. EXOAMYLASES 
The exoamylases act preferentially at a-1,4 glucosidic bonds in amylose, 
amylopectin, starch and glycogen from the non-reducing end by successive removal 
of maltose/glucose in a stepwise manner. These enzymes either exclusively cleave 
a-1-4 glucosidic bonds as P amylase or cleave both a-1,4 and a-1,6 glucosidic bonds 
like glucoamylase and a glucosidase (Sivaramakrishnan el al., 2006). The starch 
hydrolysates are also different: glucoamylase and a glucosidase produce only glucose 
whereas the products of P amylases are maltose and P limit dextrins (Pandey et al., 
2000). 
III. DEBRANCHING AMYLASES 
Debranching amylases include puUulanase and isoamylase. Pullulanase acts 
specifically at a-1,6 linkages in pullulan, starch, amylopectin and other related 
oligosaccharides whereas isoamylase hydrolyses a-1,6 linkages in amylopectin. 
Debranching enzymes exclusively degrade amylopectin leading to formation of long 
linear polysaccharides (Israilides ei al, 1999; Sivaramakrishnan et al, 2006). 
1.2,1. a AMYLASES 
a Amylases (EC 3.2.1.2) are enzymes which catalyze the hydrolysis of 
internal a-1,4-0 glucosidic bonds in starch and other polysaccharides into low 
molecular weight products retaining a-anomeric configuration (Gupta et al, 2003; 
Kandra, 2003; Rajagopalan and Krishnan, 2008a). Although they preferentially 
hydrolyzes a-1,4 glucosidic bonds but some can also attack on a-1,6 bonds with lower 
Review of Literature 
ciency. This reduces viscosity and iodine staining power of starch and slow-down 
release of reducing sugar. Most of a amylases have been grouped in two categories 
broadly depending on the extent of starch hydrolysis. Liquefying a amylases 
hydrolyze starch in to oligosaccharide of five or six glucose residues with small 
amount of maltose and glucose. The saccharifying a amylases, on the other hand 
perform more extensive de-polymerisation of starch resulting into large amounts of 
glucose, maltose and maltotriose (Leveque et al., 2000; Bordbar at al., 2005). It is an 
important industrial enzyme having applications ranging from the conversion of 
starch into sugar syrups to the production of cyclodextrins for the pharmaceutical 
industry. Due to increasing demand of these enzymes in various industries, enormous 
effort has been made to develop enzymes with better properties such as increased 
thermal stability, cost affectivity and denaturation resistivity (Burhan et ai, 2003). 
1.2.1.1. SOURCES AND PROPERTIES OF a AMYLASES 
a Amylases are ubiquitous enzymes produced by plants, animals and microbes 
and these enzymes played a dominant role in carbohydrate metabolism (Pederson and 
Nielsen, 2000). In animals including human being, these are secreted in saliva as well 
as in pancreas. Salivary amylases may involved in the cleaning of teeth from starchy 
debris while the major food carbohydrates are hydrolyzed via pancreatic a amylases 
(Tester et al.. 2004). Plant and microbial a amylases had been employed since 
centuries as food additives. Barley amylases have been used in brewing while fungal 
amylases are widely applied for the preparation of oriental foods. However, such 
enzymes can be derived from various sources but microbial enzymes are able to meet 
the industrial demands due to several advantages such as cost effectiveness, 
economical bulk production capacity, less time and space required for production and 
easy to manipulate for desired enzymatic applications (Lonsane et al., 1990; Burhan 
et al, 2003). The bacterial species such as B. subtiVs, B. amyloliquefaciens, B. 
stearothermophilus and B. licheniformis are commonl> used for the production of 
thermostable a amylase. Similarly, filamentous fungi are also used for the production 
of a amylases as these molds are known to be prolific producers of extracellular 
proteins including a amylases (Pandey et al, 2000). Sources and physiochemical 
properties of a amylases are listed in Table 2. 
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1.2.1.2. PRODUCTION OF a AMYLASES 
To meet industrial demands, the enzymes should be produced commercially at 
large scale. It is carried out in various steps because environmental factor required for 
optimum growth of the microorganism may differ from those required for the 
production of enzymes (Kunamneni et a!., 2005; Hashemi cl al., 2011). These include 
supplementation of nutrients concentration, medium pH and temperature and degree 
of aeration during fermentation. Although the details of the specific fermentation 
process may vary, there are two main methods for amylase production; submerged 
and solid state fermentations (Reddy et al, 2003; Xu et al, 2008). Traditionally a 
amylases were commonly produced by submerged fermentation due to ease of 
handling and control of environmental factors such as temperature and pH (Francis et 
al, 2003; Kaur et al, 2003). However, the contents of synthetic media such as 
nutrient broth, soluble starch as well as other components are very expensive. On the 
other hand, solid-state fermentation is an interesting alternative for the purification of 
metabolites (Ramachandran et al. 2004a). Besides, the process is easy, cost effective, 
better product recovery, less prone to substrate inhibition and higher volumetric 
productivities (Holker et al, 2004). Furthermore, a amylase produced in solid state 
fermentation has higher temperatures and/or pH stability as well as the degradation of 
the enzymes by undesirable proteases has been minimized. In solid state fermentation, 
microorganisms are cultivated on moist solid support either on inert carriers or on 
insoluble substrates that can be used as energy source. Since the synthetic growth 
medium is very expensive it can be replaced with agricultural by-products for the 
reduction of medium cost (Haq et al, 1998). Agricultural substrates like corn, wheat, 
sorghum and other cereal grains contain approximately 5C-70% hydrolyzable starch 
into glucose which offers a good resource in many fermentation processes 
(Kunamneni and Singh, 2005). Application of these agroindustrial residues in 
bioprocesses also solves pollution problems, in which their disposal may cause 
otherwise (Pandey et al, 2000). Previously a amylase was successfully produced by 
solid state fermentation oi Aspergillus oryzae on coconut oil cake and spent brewing 
grains (Francis et al. 2002; Ramachandran el al 2004a). In other studies beet pulp, 
corn comb, rice husk, wheat bran and wheat straw were used for the production of a 
amylases (El-Helow and El-Gazaerly, 1996). The study showed that Bacillus and 
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Aspergillus are two main microbial sources which have been extensively used in solid 
state fermentation for the production of « amylase at industrial level (Nurmatov el a/. 
2001; Deutch et al., 2002; Gigras el al. 2002). 
1.2.1.3. STRUCTURE AND MECHANISM OF ACTION OF a AMYLASES 
Based on amino acid sequence homology most of the starch hydrolyzing 
enzymes belongs to a amylase family or family 13 glycosyl hydrolases (Henrissat, 
1991). The characteristic features of these enzymes include employment of a 
retaining mechanism but vary widely in their substrate and product specificities. Fig 1 
shows the domain organization of the Bacillus licheniformis a amylase. The most 
conserved domain found in all a amylase family are the A-domain which consists of 
highly symmetrical fold of eight parallel p strands arranged in a barrel encircled by 
eight a helices called (a/p)8 or TIM barrel. It forms core of the enzyme molecule and 
"TW Oft] 5 0 8 
contains three active site residues Asp , Glu and Asp . Domains B and C are 
located roughly at opposite sides of this TIM-barrel (Boel et al., 1990). Mammalian a 
amylases contain several disulphide bridges while bacterial enzymes are generally 
devoid of these. All known a amylases contain a conserved calcium ion which is 
located at the interface between domains A and B (Machius el al., 1995). The calcium 
ion is bound very tightly and known to be essential for stability and activity of 
enzymes. It has been suggested that the role of conserved calcium ion is mainly 
structural since it is too far away from the active site to participate directly in catalysis 
(Larson et al., 1994). The presence of one or more additional calcium ions has been 
reported in several structures (Kadziola el al, 1998). Numerous a amylases contain a 
chloride ion at the active site which enhanced catalytic efficiency of the enzyme 
presumably by elevating the pKa of the hydrogen donating residue in the active site 
(Feller el al, 1996). Chloride ions have been found mainly in mammalian a amylases 
(Ramasubbu et al, 1996; Brayer et al, 1995). It has been observed that the affinity 
for the conserved calcium ion increases dramatically upon chloride binding. It is 
therefore conceivable that the chloride ion binding also induces conformational 
changes around active site of the enzyme. 
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Fig. 1: Domain organization of Bacillus licheniformis a amylase. 
Domain A is shown in green, domain B is in magenta and domain C is shown 
in cyan. Calcium and sodium ions are shown as red and orange spheres 
respectively. (A) Bacillus licheniformis a amylase (PDB code IBLI). (B) 
Bacillus subtilis a amylase (PDB code IBAG) with maltopentaose (yellow) 
bound in the active site. 
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1.2.2. p AMYLASES 
(3 Amylases (EC 3.2.1.2) are exoamylases and these enzyme catalyze the 
hydrolysis of a-1,4 glucosidic bonds in starch. They release P maltose and P hmit 
dextrins from the non-reducing ends of poly and oligoglucan chains (Bourne and 
Henrissat. 2001; Cantarel el al, 2009). The primary role of P amylase in plants is the 
breakdown of starch into maltose which is exported to the cytosol by a maltose 
translocator for further hydrolysis (Niittyla ei ai, 2004; Sharkey et al., 2004). Maltose 
translocator is an important structure found in the chloroplast membrane. However, a 
recent study has demonstrated that P amylase plays significant role in the transitory 
starch breakdown (Servaites and Geiger, 2002; Weise et al., 2005). 
1.2.2.1. SOURCES AND PROPERTIES OF p AMYLASES 
P Amylases are produced by higher plants, some sj^ ore forming bacteria and 
fungi (Scheidig el ai, 2002). Bacterial species which synthesized P amylases are 
Bacillus, Pseudomonas, Clostridium and Slreplomyces. The Rhizopus sp. has been 
found most common P amylase producing fungi (Fogarty et ai, 1990; Yamashiro et 
al., 2010). Due to significant prospects in starch processing industries p amylases 
from sweet potato (Ipomoea batatas), maize (Zea mays), barley {Hordeim vulgare), 
alfalfa (Medicago saliva), lam potato (Solanmn tuberosum) and wheat (Triticum 
aestivum) have been extensively studied (Yoshigi et al, 1994; Fulton et ai, 2008). 
Some common sources of P amylases and their properties are illustrated in Table 3, 
1.2.2.2. PRODUCTION OF p AMYLASES 
Maltose and malto-oligosaccharides find great applications in food and 
beverage industries. P Amylase has been employed to convert starch into maltose and 
malto-oligosaccharides (Fogarty and Kelly, 1990). The plants of Triticeae family 
produce two types of p amylases, the endosperm specific and ubiquitous, present in 
the vegetative tissues (Daussant el al, 1994). It has been reported that vegetative p 
amylase acts as a storage protein or stress related protein since its activity is not 
essential for starch degradation (Van Damme et al., 2001; Kaplan and Guy, 2004). 
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While in aleurone of rice and cotyledons of cucumber the amylolytic activity is 
parallel to soluble sugars (Todaka et ah, 2000). It has been reported in an earlier study 
that environmental stresses like drought and low temperature influence the activity of 
such type of enzymes (Dreier et al, 1995; Nielsen et al, 1997). It has also been 
discussed that (3 amylases of plant origin are thermally unstable and very expensive. 
Therefore, various microbes have been exploited for the production of these enzymes 
with better properties. These enzymes are produced by thermophilic bacteria via 
solid-state fermentation. Ray el al. (1997) immobilized cells of B. megatarium for the 
production of P amylases and reported that this enzyme has excellent thermal 
stability. 
1.2.2.3. STRUCTURE AND MECHANISM OF ACTION OF p AMYLASES 
X-ray crystallographic structures of various plant P amylases have already 
known (Cheong et a/., 1995; Mikami et al, 1993: Adachi et al, 1998; Mikami et al, 
1999). All are monomeric except sweet potato P amylase which is a homotetramer 
with four identical subunits of 498 amino acids (Fig 2). Each subunit has a large 
(a/p)8 core with three long loops associated with it and an extended C-terminal loop. 
The structure of sweet potato P amylase is very much similar to the structure of 
soybean and barley p amylases. The catal}'tic site of soybean enzyme present in 18 A 
deep cleft which allowed the endwise hydrolysis of unbranched amylose and malto-
saccharide chains (Mikami et al, 1993). The nonreducing end of the chain is oriented 
toward the base of the cleft and two conserved Glu'^''' ^'^^ residues occupy positions 
above and below the bound polyglucan chain. Loop 3 in the closed position helps to 
shield the reaction center from solvent and facilitates an ordered water molecule 
adjacent to Glu-^ ^^ t^o provide the steric outcome of the hydrolysis/hydration reaction. 
This overall structural arrangement explains why a cyclodextrin and maltose are 
competitive inhibitors of p amylase (Mikami et al, 1994; Adachi et al, 1998). 
The hydrolysis of a-1,4 glucosidic linkages of polyglucan are carried out by two 
conserved Glu residues using a general acid-base catalysis mechanism. In soybean P 
amylase Glu'^'' plays as a general acid and Glu"*^ " is acting as a general base. The 
carboxyl group of Glu'^ ^ is located on the hydrophilic surface of the glucose and 
donates a proton to the glucosidic oxygen. The carboxyl group of Glu lies on the 
hydrophobic face of the glucose residue at the subsite -1 and activates an attacking 
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water molecule. The deprotonated Glu'^ ^ is stabilized by Thr'^ ''^  after cleavage of 
glucosidic bond (Mikami el al., 1994; Kang et al., 2004). The reducing glucose of the 
maltose product is in the p form hence, the name P amylase, p Amylase appears to 
degrade substrates by a random encounter binding mechanism also sequentially 
catalyze maltose production after an initial substrate binding. These hydrolytic 
processes are referred to as multiple attack mechanism (Adachi et al., 1998). 
1.3. DEBRANCHING AMYLASES 
The major debranching amylases are puUulanase and isoamylase. They 
catalyze hydrolysis of a-1,6 glucosidic inter-chain linkages of pullulan and 
amylopectin (Delatte et al., 2006). These enzymes differ mainly in one aspect i.e. 
isoamylase cannot hydrolyse pullulan. Such enzymes can hydrolyze both inner and 
outer branching points of amylopectin and thus improves the saccharification of 
starch. PuUulanase and isoamylase both are commonly used in combination with other 
enzymes such as a amylase, P amylase and glucoamylase to produce amylose. 
maltose and glucose from starch. If these enzymes were used along with 
glucoamylase the main product was glucose while P amylase produced more than 
85% maltose. The utilization of puUulanase is essential For efficient processing of 
starch in food industries (Dessouki et al, 2001; Zhanga et al, 2009). 
1.4. IMMOBILIZATION OF ENZYMES 
In addition to unquestionable advantages, there exist a number of practical 
problems in the use of free enzymes such as the high cost of isolation and purification, 
instability once they are isolated from their natural environments, sensitivity to the 
experimental conditions, narrow-range activity and inhibition to trace levels of 
substances (Bullock, 1995; Husain, 2010). The latter two results in short operational 
lifetimes of enzyme. Furthermore, unlike conventional heterogeneous chemical 
catalysts, most enzymatic reactions occurred in homogeneous systems which 
contaminate product and since they cannot be recovered from reaction mixtures for 
reuse. 
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Fig. 2: Crystal structure of sweet potato and soybean fi amylase. 
The organization of identical four subunits of (A) sweet potato p amylase 
(PDB code 1FA2; Cheong et al, 1995) and single subunit of (B) soybean P 
amylase is complexed with maltose (PDB code 1V3I; Kang et ah, 2004). 
15 
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In order to overcome these limitations several methods have been proposed, one of 
the most successful among these is the enzyme immobilization (Tischer and 
Wedekind, 1999; Van de Velde el ai, 2002). Immobilization is defined as the binding 
of an enzyme to insoluble support which restricts the movement of immobilized 
molecule either completely or partially in a small limited region (Yu-Qung et al.. 
2004). 
1.4.1. IMPORTANCE OF ENZYME IMMOBILIZATION 
There are several reasons to use enzymes in an immobilized state for industrial 
applications. Immobilized enzymes can be handled more conveniently having 
enhanced operational stability, better separation of the product from the reaction 
mixture and minimization of the product contamination (Mammarella and Rubiolo, 
200(3; Sheldon, 2007; Haider and Husain, 2009). The recovery and reuse of 
immobilized enzymes make the process economically feasible. Immobilized enzymes 
are helpful in designing reactors where the process can be controlled very easily 
(Brady and Jordaan, 2009; Kotwal and Shankar, 2009). Immobilization decreased 
inhibition by reaction products and selectivity towards non-natural substrates thereby 
improving enzyme stability (Mateo et ai, 2007). Thei'efore, immobilization of 
enzymes is necessary to improve features in enzyme structure and activity; a 
significant prospect in enzyme technology and will open new vistas for novel 
applications (Grosova et al., 2008; Husain, 2010). 
1.4.2. METHODS OF ENZYME IMMOBILIZATION 
The stability of an immobilized enzyme is dictated by many factors such as 
the number of bonds formed between the enzyme and carriers, the nature of the bonds 
(i.e. covalent or non-covalent), the degree of confinement of enzyme molecules in the 
carrier, the microenvironment of the enzyme and carrier and the immobilization 
conditions. Correspondingly, many methods have been developed for the 
immobilization of industrially important extensively utilized enzymes (Cao, 2005; 
Mateo et al., 2007; Gangadharan et al., 2009). The success of immobilization depends 
on the properties of both enzyme and carriers. The interaction between the two 
provides an immobilized enzyme with specific chemical, biochemical, mechanical 
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and kinetic properties. Thus, the support used for the immobilization of enzymes play 
an important role in overall yield of the bioconversion reaction (Arica el ai, 1998; 
Sheldon, 2007). A wide range of supports like agarose beads, zeolites, porous glass 
and sepabeads with reactive epoxy or glyoxyl groups have been employed for the 
immobilization large number of enzymes (Katchalski-Katzir el al., 2000; Grazu et ai, 
2005; Mateo el ai, 2005). These supports were classified according to their chemical 
composition such as organic or inorganic supports (Khan and Alzohairy, 2010). 
The success of immobilization depends not only on correct support activated with 
proper groups but also on proper immobilization conditions such as reaction time, 
moderate pH and temperature as well as protein inhibitors or protectors. These 
parameters adjusted in such a way that conditions should favor the adequate enzyme-
support reaction (Pirozzi and Hailing, 2001; Mateo el al., 2006). 
Numerous methods are available for the immobilization of enzymes on wide array 
of natural and synthetic supports. Each of them has different degree of complexity and 
efficiency. The common methods are adsorption, ionic bonding, covalent bonding, 
cross-linking, entrapment and encapsulation (Fig 3). 
1.4.2.1. ADSORPTION 
Adsorption of enzyme on solid support is the simplest method which involves 
reversible surface interactions between enzymes and carrier. It is based on physical 
adsorption of enzyme on the surface of water-insoluble supports. There were neither 
conformational changes in the structure of enzyme nor the distortion of its active sites 
take place (Khan el al, 2006). The forces concerned in the binding of enzyme to the 
support are noncovalent linkages that do not require any preactivation step of support. 
The interactions depend on the existing surface chemistry of the support and on the 
type of amino acids exposed at the enzyme molecule (De Oliveira et al, 2000; Kara et 
al, 2005). The most common support used for the immobilization of amylases 
includes inorganic carriers (silica, alumina, activated carbon, kaolinite and porous 
glass), organic synthetic carriers (nylon and polystyrene) and natural organic carriers 
(alginate, chitosan, dextran, gelatin, cellulose and starch). 
Immobilized Penicillium griseofulvum a amylase obtained by physical 
adsorption on Celite particles retained 87.6% activity with fine operational stability 
(Ertan et ai, 2006). Celite adsorbed enzyme was more stable against physical and 
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chemical denaturanl. Furthermore, the immobihzed enzyme has higher storage half-
Ufe, Km and starch hydrolyzing abihty. Similarly Bacillus subtilis a amylase was 
immobilized on different carriers i.e. AS-alumina, chitin, chitosan, hydroxyapatite, 
tannin-chilosan and tannin-sepharose by simple adsorption mechanism. Although 
specific activity of the AS-alumina adsorbed enzyme was low but the activity per 
gram of support was higher with respect to other supports. The optimal- temperature 
of the immobilized enzyme was shifted to higher values than the free enzyme. 
Immobilized enzymes exhibited improved thermal stability and higher values of the 
activation energy of denaturation (Abdel-Naby et ai, 1998). In another study, sweet 
potato P amylase- was adsorbed on chitosan beads that further cross-linked with an 
aliphatic or aromatic compound exhibited 58.9% immobilization with activity of 142 
U/g carriers. The optimum-temperature of the immobilized enzyme increased by 20 
°C and thermostability was improved by 10 °C compared to free a amylase (Noda et 
a/., 2001). Commercial Aspergillus Oryzae a amylase adsorbed on Cu^^  chelated poly 
(ethylene glycol dimethacrylate-n-vinyl imidazole) matrix and used for the hydrolysis 
of starch. The maximum a amylase adsorption capacity of beads was observed as 
38.9 mg/g of support at pH 4.0. It was observed that the enzyme could be repeatedly 
adsorbed as well as desorbed without significant loss ;n adsorption capacity or 
enzyme activity. Storage and operational stability was also found to be increased with 
immobilization (Kara et ai, 2005). 
Adsorption of proteins on ionic exchangers is one of the simplest techniques 
used for protein purification and immobilization (Khan et ai, 2006; Kulshrestha and 
Husain, 2006). Adsorption of proteins on these matrices requires a multipoint 
attachment with several groups of protein. The larger number of groups present in 
protein interacting with the support resulting in higher adsorption values (Pessela et 
al, 2004). a Amylase from Aspergillum niger was purified via expanded bed 
adsorption on Amberlite IRA 410 ion-exchange resin (Toledo et al, 2007). The 
adsorption method of immobilization requires strict control of pH and ionic strength 
since these may alter the charges on enzyme as well as support. Therefore, these 
parameters affect level of adsorption. A simple shift in pH can cancel ionic 
interactions and promote release of enzyme from carrier. 
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1.4.2.2. COVALENT IMMOBILIZATION 
Covalent immobilization is a permanent method which is based on the binding 
of enzymes to the support or matrix by means of covalent bonds. In this method, 
enzymes are covalently linked to the support through the functional groups of amino 
acid residues present in enzyme that are not essential for catalytic activity. It is most 
widely used method for the immobilization of enzymes. It has several advantages 
such as prevention of enzyme leakage from the canier and enhanced interaction 
betv /^een biocatalyst and substrates. It involves two steps. In the first step support has 
activated by a specific.reagent to make its functional groups active and in the second 
step these activated groups react with specific groups present on the enzyme surfaces 
(Balcao ef al., 2001; Miletic et al., 2009). Table 4 demonstrates the residues of amino 
acids that have functional groups in their side chains which are suitable for linking to 
a support (Cabral £ind Kennedy, 1991). There are many ways to bind enzyme with 
supports like diazotization, Schiffs base formation, amidation reactions, thiol-
disulfide, peptide bond and alkylation reactions. The interaction can be achieved 
either by direct linkage between the components or via an intercalated link of 
different length, called the spacer. The spacer molecule provides a higher mobility to 
the coupled biocatalysts leading to enhanced activity as compared to its bound form 
directly to the support (Warmuth et ai, 1995). 
A range of organic and inorganic support materials have been considered for 
the covalent binding of amylases. Kahraman et al. (2007a) covalently immobilized 
porcine pancreatic a amylase on commercial functionalized glass beads. The coupling 
was carried out between silanols group of glass surfaces with the reactive NHi group 
of enzyme. Thus amide bonds were formed between amino groups on the protein and 
acid chloride groups on the glass surfaces. Immobilized a amylase retained 87% of 
the original activity. The immobilized enzyme preserved 80% activity even after 25 
repeated uses. Similarly Bacillus licheniformis a amylase was covalently immobilized 
on the poly hydroxyethylmethacrylate (pHEMA) and glycidyl methacrylate (GMA) 1-
3 membranes by means of amide linkage formation between amino groups of enzyme 
and epoxy groups of support (Bayramoglu et ai, 2004). Epoxy groups containing 
porous membranes of HEMA-GMA were found to stabilize three-dimensional 
structure of a amylase and activity of immobilized enzyme was 76%) with poly 
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HEMA-GMA-2 membrane. The immobilized enzyme showed more resistant to 
temperature inactivation, excellent storage and operational stability. There was only 
4% loss in activity when immobilized enzyme was continuously used for hydrolysis 
of starch in reactor for 20 h. Bryjak (2003) covalently immobilized glucoamylase, a 
amylase and P amylase on acrylic carriers. The preserved activity was 96% when a 
amylase and glucoamylase was co-immobilized while the activity was 94% upon co-
immobilization of a amylase with P amylase. Atia et al. (2003) immobilized barley P 
amylase on two polymeric materials; poly (acrylamide-acrylic acid) resin and poly 
(acrylamide-acrylic acid-diallylamine-HCl) resin by using two different methods: 
covalent as well as crosslinking. Thionyl chloride was used to activate the polymer for 
covalent immobilization whereas the activator was glutaraldehyde in crosslinking 
method. Crosslinking with glutaraldehyde gave higher coupling yield than covalent 
immobilization. Various functional group activators were used when Bacillus 
licheniformis a amylase was covalently immobilized on polyvinyl alcohol coated 
solid perfluoro polymers (Yang and Chase, 1998). In all cases, immobilization 
significantly improves the thermostability and resistance to inactivation against 6 M 
urea exposure. The expanded bed reactor containing immobilized a amylase showed 
great potential for the continuous hydrolysis of starch. 
1.4.2.3. ENTRAPMENT AND ENCAPSULATION 
The entrapment method of immobilization is based on the localization of 
enzyme within lattice structure of a material or in polymer membranes where the 
enz)/me is free in solution but restricted to movement by the lattice structure of the gel 
(Chiang el al, 2004; Klotzbach et al, 2008). Entrapment of enzymes within 
membrane can be achieved in two ways. First, the enzyme can be incorporated during 
the membrane synthesis which carried out via temperature-induced gelation, 
polymerization by chemical/photochemical reaction, ionotropic gelation of 
macromolecules with multivalent cations. In another method an enzyme solution can 
be filtered through a membrane in order to entrap the enzyme molecules inside the 
membrane pores (Desai et al, 2004; Wu et al, 2007; Jochems et al, 2011). The 
incorporation of enzymes during membrane synthesis results in lesser preserved 
enzyme activity as compared to the pores of the membrane. 
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Table 4: List of reactive residues of proteins participates during their 
immobilization. 
-NH2 
-COOH 
-s-s-
II 
—M-C 
H NH2 
-CH2OH 
N f i H 
orr 
—/ V-OH 
H3C-S-
-SH 
£-Amino of L-Lysine and a-amino of N terminus groups 
P or y-Carboxyl of L-Aspartate or Glutamate 
Disulfide, of L-Cystine 
Guanidium group of L-Arginine 
Hydroxy! of L-Serine and L-Threonine 
Imidazole of L-Histidine 
Indole of L-Tryptophan 
Hydroxy phenolic of L-Tyrosine 
Thioether of L-Methionine 
Thiol of L-Cysteine 
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Microencapsulated enzymes are formed by enclosing enzyme solution within 
spherical semipermeable polymer membranes with controlled porosity (Betancor and 
Luckarift, 2008). These methods of immobilization are comparatively severe leading 
to the decrease of enzyme activity beside the possible leakage of enzyme during 
repeated or continuous use due to their small molecular size. Furthermore, the 
supports acting as a barrier to mass transfer which limits the transport of substrate to 
the active site of enzyme. Therefore, selection of most suitable conditions for the 
immiobilization of enzyme is required (Jin and Brennan, 2002; Tsai and Doong, 
2007). Generally entrapment is used for immobilization of cells but the lattice 
entrapment method is applied widely for the immobilization of enzymes. Alginate 
mediated entrapment has attracted much attention for the immobilization of enzymes 
and cells. 
Sodium alginate bead was used as an entrapment matrix for single step 
purification and stabilization of a amylase. The entrapped enzyme retained 76% 
recovery and 1764 U/mg specific activity (Kumar el al., 2006). The pH and 
temperature-optima of alginate entrapped enzyme were shifted from 5.5 to 6.0 and 54 
to 60 °C, respectively. The entrapped enzyme had higher thermal stability compared 
to free enzyme. Also the midpoint thermal inactivation of the enzyme was increased 
by 6 °C on entrapment. Roy and Gupta (2004) used calcium alginate as an 
immobilization matrix for the entrapment of glucoamylase and pullulanase and they 
used these preparations for the effective hydrolysis of starch. It was observed that use 
of individual enzyme did not influence productivity as the combined application of 
these enzymes. These enzymes together gave a much higher amount of product as 
compared to the sum of the products obtained separately. In another study Bacillus 
amyloliquefaciens a amylase was entrapped in calcium alginate beads and used for 
the effective hydrolysis of soluble as well as raw potato starch. The immobilized 
enzyme exhibited higher operational stability after five batches of successive uses in a 
reactor (Gangadharan et al, 2009). 
In addition to alginate some other synthetic polymers such as polyacrylamide, 
polyvinyl alcohol have also been extensively used for the immobilization of amylases. 
The thermal stability of a amylase from Aspergillus oryzae was significantly 
increased upon entrapment in polyacrylamide gel (Ravian el al, 2003). Broadening in 
pH-optima with excellent operational stability in both batch and continuous mode of 
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hydrolysis has been reported for Aspergillus niger a amylase entrapped in poly vinyl 
alcohol hydrogel lens-shaped capsule (Rebros et ai, 2006). A reversed chitosan-
alginate polyelectrolyte complex was prepared to enhance the stability of 
entrapped a amylase. The shelf-life of enzyme loaded beads was remarkably 
increased compared to conventional procedure (Sankalia el al., 2007). 
1.4.2.4. CROSSLINKING 
The crosslinking method of enzyme immobilization is based on the formation 
of covalent bonds between the enzyme molecules by means of bi or multifunctional 
agents (Albayrak and Yang, 2002; Mohy Eldin et al., 2011). Immobilization can be 
achieved by intermolecular crosslinking of the protein or between different protein 
molecules to functional groups on an insoluble support matrix. Crosslinking method 
of enzyme immobilization usually involve amino groups of lysine but in some cases 
sulfliydryl groups of cysteine, phenolic OH groups of tyrosine or imidazole group of 
histidine can also be used for coupling. The individual enzymes are joined to one 
another with the help of bi or multifunctional reagents like glutaraldehyde, glyoxal, 
diisocyanates, hexamethylene diisocyanate and toluene. Among these, glutaraldehyde 
is the most commonly used crosslinking agent since long time. It is a bifunctional 
compound primarily employed in chemical modifications of proteins and polymers 
that also activate support for multipoint and multi subunit immobilization (Migneault, 
2004; Betancor et ai, 2006). This compound links covalently to the amino groups of 
lysine or hydroxylysine in the protein molecules creating a structure more stable than 
that attained through the physical aggregation. This type of bonding reinforces the 
compact tertiary structures resulting into enhanced protein stabilization against pH 
inactivation of enzymes (Ashly el al., 2011; Pascoal et ai, 2011). The concentration 
of crosslinking agent significantly affects the efficiency of immobilization as well as 
the activity of enzyme. Kumari and Kayastha (2011) immobilized soybean a amylase 
on two different matrices; chitosan beads and amberlite MB-150 via crosslinking with 
glutaraldehyde and found that the activity of the immobilized enzyme was increased 
with increasing concentration of glutaraldehyde. Similarly, (3 amylase isolated from 
Bacillus subtilis was immobilized covalently in 5% and 10% gelatin matrix using 
glutaraldehyde as a crosslinking agent. The initial result showed that the enzyme 
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immobilized in 10% gelatin with 0.8% glutaraldehyde have higher catalytic activity 
and greater immobilization efficiency (Poddar and Janna, 2Cil 1). 
This method is quite expensive because more protein concentration is 
required. The diffusion limitation of substrate to the active site of enzyme and the 
fragility of particles resulted into loss of enzyme activity (Lopez-Gallego et al, 2005). 
1.4.2.5. NANOPARTICLE BASED IMMOBILIZATION 
Enzyme immobilization has attracted continuous attention in the fields of fine 
chemistry, biotechnology, biomedicine and biosensor. Nanostructured supports are 
believed to be able to retain catalytic activity as well as ensure the immobilization 
efficiency of enzyme to a higher extent (Martin and Kohli, 2003; Yim et al., 2003; 
Kim et al., 2006). The principle of using nanoscale structures for immobilization is to 
reduce diffusion limitations and extremely high surface area-to-volume ratios for 
efficient immobilization as well as stabilization of enzymes. In addition, the physical 
characteristics of nanoparticles such as enhanced diffusion and particle mobility can 
impact the inherent catalytic activity of attached enzymes (.Fia et ai, 2003). Mizuki el 
al. (2010) immobilized Bacillus licheniformis a amylase on superparamagnetic 
particles. It was found that the activity of the immobilized enzyme molecules 
increases in the rotational magnetic field and reaches to a maximum at a certain 
frequency. In another study, a amylase was covalently immobilized on Fe304 
magnetic nanoparticles (MNP) had higher affinity for the substrate. Since the K,n and 
Vniax values for free a amylase towards starch were 5.0 mg/mL and 0.21 JJ.M/ min/mg, 
respectively while the Km and Vmax values for Fe304 MNP bound a amylase were 2.5 
mg/mL and 0.78 j^M/min/mg, respectively. Furthermore, the Fe304 MNP bound 
enzyme exhibited higher storage and operational stability as compared to its free 
counterpart (Mukherjee et al., 2010). Namdeo and Bajpai, (2009) reported that the 
stability of a amylase was significantly increased when immobilized on cellulose 
coated FeaOs magnetic nanoparticles. Various studies have shown that immobilized 
enzymes can be easily separated from the reaction medium and reused with 
substantial preserved enzyme acfivity. This system offered relatively a simple 
technique for separating and reusing enzymes over a longer period than the free 
enzymes. In addition, it has been reported that the coating of polymer over the 
surfaces of nanoparticles makes them biocompatible. Liang and Zhang (2007) 
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immobilized papain on carboxymethylated chitosan coated Fe304 nanoparticles. In 
comparison with native papain, conjugated enzyme exhibited enhanced enzyme 
activity, better tolerance of variations in medium pH and temperature and improved 
storage stability as well as good reusability. 
The entrapment of enzyme was also performed by using silica because of its 
better biocompatibility (Besanger et ciL, 2003). Though iron-silica composites have 
been extensively studied for enzyme immobilization but fewer reports are available 
for nickel-silica nanoparticles as enzyme immobilization matrices. Prakasham et al. 
(2010) used nickel-impregnated silica paramagnetic particles (NSP) as biocatalyst 
immobilization matrices. The catalytic behavior of enzyme immobilized on NSP (EI-
NSP) was higher as compared to its counterpart indicating that immobilization of 
enzyme on these NSP protects its deactivation at higher and lower pH. In addition, the 
improved enzyme activity may be attributed to the fact that the configuration of the 
enzyme was altered under immobilized environment. Such difference of improved 
activity under immobilized conditions was observed with other microbial systems and 
enzymes (Ramkiishna and Prakasham, 1999; Srini\asulu, 2002). Moreover, 
immobilization of diastase on NSP was evaluated for starch hydrolysis at different 
temperatures ranging from 30 to 60 °C at pH 5.0. EI-NSP showed improved starch 
hydrolyzing activity compared to free enzyme at all investigated temperatures and it 
exhibited enhanced thermostability as a result of immobilization (Prakasham et al., 
2007). 
Gold nanoparticles serve as excellent biocompatible surfaces for the 
immobilization of enzymes and proteins. Since the interaction of amine groups and 
cysteine residues in the proteins with gold nanoparticles is as strong as that of the 
commonly used thiols. Thus amino acids and proteins may be directly immobilized on 
gold nanoparticles without modification (Crespilho el a/., 2006; Xu et al., 2007). The 
immobilization of enzyme on polyurethane microsphere-gold nanoparticles retained 
advantages of immobilization including enhanced storage and thermal stability 
(Kumar et al, 2003). Glucose oxidase (GOx) was covalently immobilized onto 
chemically synthesized thiolated gold nanoparticles. The lower value of the K,„ 
obtained for the immobilized GOx suggests a significant enhancement in the activity 
of enzyme. The covalently immobilized GOx exhibited shelf life of more than 6 
months and improved tolerance against both pH and temperature (Pandey et ah. 
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2007). Rangnekar el al. (2007) reported the generation of Au nanoparticles (NPs) 
using a pure enzyme for the reduction of AuCU with retention of enzymatic activity in 
complex. Although several other enzymes were also pursued for the synthesis, it was 
interesting to observe that only a amylase and EcoKl could produce Au NPs. The 
presence of Au NPs and a amylase in the complex was established by UV-visible and 
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) and 
transmission electron microscopic (TEM) measurements. However, the main 
disadvantage of the method is the addition of the redox mediator to the reaction 
medium which is less efficient than using an immobilized redox mediator. 
1.5, POTENTIAL APPLICATION OF AMYLASES 
The most extensive applications of amylases are in the starch industry, which 
are used for its liquefaction process in order to convert it into glucose and maltose 
syrups. The commercialisation of amylases was oldest and it was first time used in 
1984 as a pharmaceutical aid for the treatment of digestive disorders (Nielsen and 
Borchert, 2000). In the present day scenario, amylases are finding application in 
several industrial processes such as food, detergents, textiles and paper industry. In 
this light, microbial amylases completely replaced chemical methods in starch 
processing industry. These enzymes are also extensively used in pharmaceutical and 
fine chemical industries. Today, amylases constitute approximately 30% of world 
enzyme market and these are among the most important industrial enzymes (Rao and 
Satyanarayana, 2007; Rajagopalan and Krishnan, 2008b). The global market for 
enzymes was about $2 billion in 2004 while the annual sale of a amylases is esfimated 
to be $11 million (Riegal el al, 2003). 
L5.L CLINICAL IMPORTANCE 
In humans, a amylases play a significant role in the digestion of starch and 
glycogen. These are the major secretory products of the pancreas and salivary glands. 
Amylases from both salivary and pancreatic origin have clinical importance since 
these are indicator of pancreatic and salivary gland disorders like acute pancreatitis 
and parotitis. Salivary amylases are multifunctional enzyme involved in distinct 
biological functions. Firstly these enzymes take part in the initial breakdown of the 
polymeric starch to short oligomers. Secondly amylases bind to streptococci with very 
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high affinity that may lead to the clearance and adherence of these bacteria from the 
oral cavity. Thirdly these enzymes bound to the tooth enamel and may play a role in 
dental plaque formation. Furthermore, a amylases are used as targets for drug design 
to treat diabetes, obesity and hyperlipemia. Diabetes mellitus is the most common 
metabolic disorder in worldwide that affects about hundred millions of human beings 
around the globe (Kandra, 2003). 
1.5.2. APPLICATION IN FOOD INDUSTRY 
Amylases are extensively employed in the processed-food industry such as 
baking, brewing, preparation of digestive aids, production of cakes, fruit juices and 
starch syrups (Reddy et al, 2003; Couto and Sanroman, 2006). These enzymes can be 
used in bread and rolls to give higher volume, better colour and softer crumb to these 
products. The supplementation of a amylase in flour not only enhances the rate of 
fermentation but reduces viscosity of the dough and generates additional sugar in the 
dough. It improves the taste, crust colour and toasting qualities of the bread 
(Pritchard, 1992; Van Dam and Hille, 1992). Besides generating fermentable 
compounds a amylases also having an anti staling effect on bread baking, improve the 
softness retention and increasing the shelf life (Van der Maarel et al, 2002; Gupta et 
al., 2003). Currently thermostable maltogenic amylase from Bacillus 
slearothennophilus has been commercially used in baking industry. Amylases have 
also shown its potential in the clarification of beer, fruit juices as well as for the pre-
treatment of animal feed to improve the digestibility of fiber (Gavrilescu and Chisti, 
2005;Ghoraie/a/.,2009). 
High fructose containing syrups (42% fructose) are prepared by enzymatic 
isomerization of glucose with the help of glucose isomerase. In this processes starch is 
first converted to glucose by enzymatic liquefaction and saccharification and then 
glucose is converted into fructose via glucose isomerase. Thus, the whole process 
requires liquefying thermostable a amylase, saccharifying glucoamylase and glucose 
isomerase sequentially. Currently food and pharmaceutical industries employed large 
amount of corn and other botanical starches for the production of high fructose syrup 
and other useful sweeteners. These sweeteners are used in soft drinks, liqueurs, wine, 
candies, food and drug coatings and many other food items (Ramachandran et al, 
2004b; Aiyer, 2005; Gavrilescu and Chisti, 2005; Ghorai et al., 2009). 
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1.5.3. DETERGENT INDUSTRY 
A growing new area where a amylases applied extensively is the laundry and 
dishwashing detergents. A modern trend among consumers is to use colder 
temperatures for the laundry or dishwashing. At these lower temperatures, removal of 
starch from cloth and porcelain becomes more problematic. Detergents with a 
amylases optimally working at moderate temperatures and alkaline pH can help to 
solve this problem (Mitidieri el ciL, 2006; Hmidet et al., 2009). Detergent industries 
are the primary consumer of enzymes in terms of both volume and value. Enzyme 
enhances the detergents ability to remove tough stains and making them 
environmentally safe. These enzymes are used to degrade the residues of starchy food 
dextrins and other smaller oligosaccharides (Olsen and Falholt, 1998; Mukherjee et 
al., 2009). The major limitations of amylases in detergents are sensitivity towards 
calcium and oxidants which are generally a component of detergent formulations. It 
has been reported that alkaliphilic Bacillus strains often produce enzyme which is 
active in alkaline pH (Horikoshi, 1996). The exploitation of alkaline a amylase with 
chelating agent, a component in detergents easily removes calcium (Nonaka e( al, 
2003). Recently scientists solved the oxidation problem of enzyme via protein 
engineering to improve the bleach stability of amylases. They replaced oxidation 
sensitive amino acids with other amino acids. The replacement of Met'^ ^ by Leu in B. 
licheniformis amylase improves resistance against oxidative compounds. This 
enhanced oxidation stability results better storage stability and performance of the 
mutant enzyme in the bleach containing detergent formulations. 
1.5.4. TEXTILE INDUSTRY 
Modem production processes for textiles introduce a considerable strain on the 
warp during weaving. The yarn therefore must be prevented from breaking. Sizing 
agents like starch are applied to yarn before fabric production to ensure fast and 
secure weaving process. The main sizing agent used for cotton fabrics is starch 
because of its excellent film forming capacity. Furthermore, it is a very cheap and 
easily available in most regions of the world (Feitkenhauer, 2003; Ahlawat et al, 
2009). Before the discovery of amylases, only alternative to remove the starch based 
sizing was extensive treatment with caustic soda at high temperatures. However, such 
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chemical treatment was not totally effective in removing starch but also damaging 
fibers. Application of a amylases remove selectively the size also does not attack on 
fibers. Furthermore, a amylase randomly cleaves starch molecules into dextrins that 
are water soluble which can be easily removed by washing. Amylases from Bacillus 
sp. are employed since very long time in textile industries (Kumar et al., 1990; 
Tsurikova et al., 2002). 
1.5.5. PAPER INDUSTRY 
Amylases are used in production of low viscosity and high molecular weight 
starch which applied in pulp and paper industries for coating (Van der Maarel et al., 
2002; Gupta et al., 2003). The coating treatment serves to make surface of paper 
significantly smooth and improve writing quality. It also improves erasibilty of 
finished paper, hi these applications, starch is added to the paper in size press and 
paper picks up starch by passing through two rollers to transfer starch slurry. The 
viscosity of natural starch is too high for paper sizing that can be altered by partially 
degrading polymer with a amylases in a batch or continuous processes. The 
conditions depend upon the source of starch and a amylases used (Tolan, 1996). 
1.5.6. FUEL ETHANOL PRODUCTION 
Over the past decades, there has been an increasing interest in fuel, ethanol as 
a result of increased environmental concern and higher crude oil prices (Chi et al., 
2009). Ethanol fuels can be derived from renewable resources such as agricultural 
crops and by-products. It is most utilized liquid biofuel. Enzymes such as a amylases, 
glucoamylases and cellullases are important to produce fermentable sugars which 
further used in the synthesis of ethanol (Kirk et al, 2002). The bioconversion of starch 
into ethanol involves liquefaction and saccharification where starch is converted into 
sugar using amylolytic microorganism or enzymes such as a amylase followed by 
fermentation where sugar is converted into ethanol using an ethanol fermenting 
microorganism such as yeast Saccharomyces cerevisiae (Moraes et al, 1999; Sajedi 
et al, 2005). In order to obtain a new yeast strain that can directly produce ethanol 
from starch without the need for a separate saccharifying process, protoplast fusion 
was performed between amylolytic yeast Saccharomyces fibuligera and S. cerevisiae 
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(Chi et ai, 2009). Among bacteria, a amylase obtained from thermo-resistant bacteria 
like Bacillus licheniformis or from engineered strains of Escherichia coli or Bacillus 
subtilis is used during the first step of hydrolysis of starch suspensions (Sanchez and 
Cardona. 2008). 
1.5.7. ANALYSIS IN MEDICINE AND CLINICAL CHEMISTRY 
With the advent of new frontiers in biotechnology the spectrum of amylase 
applications has expanded into many other fields such as clinical, medicinal and 
analyi;ical chemistry. There are several processes in the medicinal and clinical areas 
that involve the application of amylases. The application of a liquid stable reagent 
based on a amylase for the Ciba Corning Express clinical chemistry system has been 
described (Becks et al., 1995). A process for the detection of higher oligosaccharides 
which involved the application of amylase was also developed (Giri et al., 1990). 
Biosensors with an electrolyte isolator semiconductor capacitor transducer for process 
monitoring were also developed (Menzel et al., 1998). 
Although, the use of a amylase in starch based industries has been prevalent 
for many decades and a large number of microbial sources exists for the efficient 
production of this enzyme but only few selected strains of fungi and bacteria meet the 
criteria for commercial production. In light of modern biotechnology, a amylases are 
now gaining importance in biopharmaceutical applications as well as yet their 
applications in food and starch based industries are emerging market and thus the 
demand for a amylases would always be high in these sectors. 
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OBJECTIVES OF THE PRESENT WORK 
*l* Chapter I give a review of the published literature in the field and provide an 
overview of importance of starch, amylases and methods of immobilization. 
Some important points of among these are; Starch is the second biggest 
polymer, found in the plant kingdom, after cellulose. This is one of the 
renewable and environmental friendly energy sources available for human 
being all over the world. The demand for modified and/or converted starch 
products has been increased more and more over native starch, especially in 
the industrial production of bioethanol, high fructose and maltose syrups as 
well as thiosugars. Amylases are most important industrial enzymes, 
hydrolyze starch and related carbohydrate molecules to give diverse products. 
These enzymes are of great significance in present day biotechnology with 
applications ranging from food, fermentation, textile and paper industries. 
<• In chapter 11, an effort has been made to develop a simple and high yield 
procedure for the immobilization of [3 amylase on Celite-545 directly from salt 
fractionated proteins of sweet potato {Ipomoea batata). The adsorption of 
enzyme on Celite-545 was conformed by Fourier transform infrared (FT-IR) 
spectroscopy and atomic force microscopy (AFM). The activity of soluble and 
immobilized p amylase in the presence of starch was compared against pH and 
temperature. The hydrolytic efficiency of P amylase for starch in stirred batch 
process was examined at different temperatures. 
*> In chapter III, magnetic ferric oxide nanoparticles (Fe203-NPs) were 
synthesized and used for the immobilization of porcine pancreatic a amylase. 
These preparations were characterized by XRD, AFM, FT-IR, 
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 
analysis. The suitability of soluble and immobilized a amylase for effective 
hydrolysis of starch was compared in the presence of different metal ions and 
urea. Soluble and YcjOj bound a amylase was also employed in stirred batch 
process for the hydrolysis of starch. 
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•<• In chapter IV, Bacillus amyloliquefaciens a amylase was immobilized on sol-
gel synthesized Sn02 nanoparticles (SnOi-NPs) via physical adsorption 
mechanism. The synthesized NPs and its complex with enzyme were 
characterized by FT-IR, TEM, scanning electron microscope (SEM) and AFM 
analysis. Genotoxicity of free and SnOa-NPs bound a amylase was evaluated 
by pUC19 plasmid nicking and comet assays. The hydrolyzed products of 
starch were examined by thin layer chromatography (TLC). Reusability of 
bound a amylase was also examined. 
••• In the last part (Chapter V) of the study, a covalen: method was used for the 
immobilization of Bacillus amyloliquefaciens a amylase on polyaniline coated 
silver nanoparticles (PANI/Ag nanocomposites). The layering of polyaniline 
(PANI) over nanoparticle surfaces was investigated by UV-vis spectroscopy, 
XRD and SEM analysis. Thermal behavior of nanosupport was studied by 
TGA and DTA analysis. The activity of free and NPs coupled enzyme was 
monitored in the buffers of different pH and at various temperatures. Free and 
NPs bound enzyme were also employed in stirred batch processes for the 
effective hydrolysis of starch. 
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Immobilization of Ipomoea batata 
p amylase via simple adsorption 
and its use in the saccharification 
of starch 
^ ^ Chapter II 
2.1. INTRODUCTION 
p Amylase (EC 3.2.1.2) is a maltogenic exoamylase, liberate p maltose from 
non reducing end of a-l,4-linked poly and oligoglucans until the first a-l,6-branching 
point is encountered (Bryjak, 2003). It is widely distributed in higher plants and some 
bacteria. Among plant sources, sweet potato is thought to be a promising source of 
P amylase because it is one of the major proteins in tubers (Kossammi and Lloyd, 
2000). P Amylase is extensively used in the production of maltose and high maltose 
syrups. Furthermore, it has several applications in confectionery and baking industries 
due to low viscosity, lower sweetness, resistance to crystallization, heat stability and 
lack of color formation (Ramachandran et ciL, 2004a; Ertan et al, 2006). 
The use of free enzymes are limited due to several drawbacks like thermal 
instability, rapid loss of catalytic activity during processing and storage as well as 
sensitivity to numerous denaturing agents (Giomo et al., 2004; Sivaramakrishnan et 
al, 2006). Immobilization of enzyme is an important alternative to overcome these 
problems (Iyer and Ananthanarayan, 2008; Husain, 2010; Carpio et al, 2011). Several 
methods of immobilization have been developed in the recent past to increase stability 
of enzymes (Reshmi et al, 2006; Ansari and Husain, 2010). Among these methods 
adsorption of enzymes on particulate carriers has been considered as simplest and cost 
effective immobilization technique (Lee at al., 2003). 
The use of Celite-545 as an immobilization matrix has been documented 
owing to its desirable physical properties (Ansari and Husain, 2012a). It has large 
surface area and enormous porosity for high yield enzyme immobilization. 
Furthermore, it exhibited higher stability against heat and other denaturing agents and 
increased resistance to microbial degradation (Matto anc Husain, 2009; Satar and 
Husain, 2009). 
In this study, partially purified Ipomoea batata P amylase was immobilized on 
Celite-545 by simple adsorption mechanism. Immobilized enzyme was characterized 
by FT-IR to monitor the functional groups involved in binding of enzyme with 
supjDort. The surface topography of the matrix was monitored by AFM analysis. The 
stability of soluble and immobilized p amylase has also been compared against 
several physical and chemical denaturants. Moreover, these preparations were also 
evaluated for the hydrolysis of starch in batch process at varying temperatures. 
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2,2. MATERIALS AND METHODS 
2.2.1. Materials 
Celite-545 (20-45)a mesh) was obtained from Serva Labs (Heidelberg, 
Germany). Starch, maltose, glucose and 3,5 dinitro-sa'icylic acid (DNS) were 
purchased from SRL Chemicals (Mumbai, India). Acetone was obtained from Merck 
(Darmstadt, Germany). Ipomoea batata was obtained from local vegetable market. 
All other chemicals and reagents used were of analytical grade. 
2.2.2. Partial purification of Ipomoea batata P amylase 
Mature, healthy Ipomoea batata root (200 g) was thoroughly washed with 
distilled water. These roots were cut into small pieces and homogenized in 100 mL of 
0.1 M sodium phosphate buffer, pH 6.0. The suspension was filtered through 4 layers 
of cheese cloth. The filtrate thus obtained was centrifuged a; 10000 x g for 30 min at 4 
°C. The clear supernatant was removed and fractioned with 50% (v/v) chilled acetone. 
This solution was continuously stirred overnight at 4 °C for complete precipitation of 
proteins. After centrifugation at 10000 x g for 30 min, pellet was collected and 
resuspended in 100 mL of cold phosphate buffer, pH 6.0. The solution was dialyzed 
against same buffer. It was further centrifuged to remove any impurity and finally the 
clear solution was stored in assay buffer at 4 "C till further use. 
2.2.3. Adsorption of P amylase on Celite-545 
Celite-545 (1.0 g) was suspended in 50 mL of 0.1 M phosphate buffer and 
stirred for 1 h at room temperature (37 °C). The fine particles present in the 
suspension were removed by decantation and the procedure was repeated thrice 
(Ansari and Husain, 2012a). Immobilization of was perfonned by incubation of 1232 
U of p amylase g'' of Celite-545. The reaction mixture was stirred overnight in 0.1 M 
sodium phosphate buffer, pH 6.0 at 4 °C. The enzyme bound Celite-545 was collected 
by centrifugation at 3000 x g for 15 min at 4 °C. Unbound enzyme was removed by 
washing with buffer and the immobilized enzyme was stored at 4 °C for further use. 
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2.2.4. FT-IR spectra of Cclite-545 and p amylase adsorbed Celite-545 
FT-IR spectral studies of Celite-545 and P amylase adsorbed Celite-545 were 
evaluated by the potassium bromide pellet method with INTERSPEC 2020 (USA) in 
a range of 400-4000 cm" . The calibration was done by pol>styrene film. The samples 
were injected by Hamiet 100 \iL syringe in ATR box. FT-IR analysis was done to 
examine the functional groups present in enzyme and matrix. 
2.2.5. AFM study 
Tapping mode AFM experiments of Celite-545 and p amylase adsorbed 
Celite-545 were performed using commercial etched silicon tips as AFM probe with a 
typical resonance frequency of ca. 300 Hz (RTESP, Veeco). The samples were placed 
drop wise on a mica wafer, dried at room temperature and the images were recorded 
with a Veeco Innova nanoscope II AFM. 
2.2.6. Effect of NaCl on immobilized p amylase 
P Amylase adsorbed Celite-545 (1.0 U) was incubated with 1.0 M NaCl in 0.1 
M sodium phosphate buffer, pH 6.0 at 50 °C for varying time intervals. The activity of 
untreated enzyme sample was taken as control (100%) for the calculation of 
remaining percent activity. 
2.2.7. Effect of pH 
The activity of soluble and immobilized P amylase (1.0 U) was measured in 
the buffers of different pH (pH 2.0-8.0). The buffers used v/ere glycine-HCl (pH 2.0), 
sodium acetate (pH 3.0, 4.0), sodium phosphate (pH 5.0-7.0) and tris-HCl (pH 8.0). 
The molarity of each buffer was 0.1 M. The maximum activity found at pH 6.0 was 
taken as a control (100%) for the calculation of remaining percent activity for both 
enzyme preparations. 
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2.2.8. Effect of temperature 
Effect of temperature on the activity of soluble and immobilized P amylase 
(1.0 U) was measured at various temperatures (20-80 °C) in 0.1 M sodium phosphate 
buffer, pH 6.0. 
In another set of experiment, soluble and immobilized |3 amylase (1.0 U) was 
independently incubated at 60 °C in 0.1 M sodium phosphate buffer, pH 6.0, for 
varying time intervals. Aliquots of each preparations were taken out at the indicated 
times, chilled quickly in ice for 5 min and their activity was measured. The activity 
obtained without incubation at 60 °C was considered as control (100%) for the 
calculation of remaining percent activity. 
2.2.9. Storage stability 
Soluble and the immobilized P amylase preparations were stored at 4 °C in 
0.1 M sodium phosphate buffer, pH 6.0 for 30 days. The aliquots from each 
preparation (1.0 U) were taken in triplicates at the gap of 5 days and their activity was 
measured. The activity determined on the first day was taken as control (100%) for 
the calculation of remaining percent activity. 
2.2.10. Reusability of immobilized P amylase 
Immobilized enzyme was taken in triplicates for assaying its reusability. After 
each assay, enzyme was taken out, washed and stored in phosphate buffer at 4 °C. The 
activity was assayed for seven successive days. Activity determined on the first day 
was considered as control (100%) for the calculation of remaining percent activity 
after each repeated use. 
2.2.11. Starch hydrolysis in batch processes 
Starch solution (1%, w/v) was independently incubated with soluble and 
immobilized p amylase (500 U) at 50 °C and 60 °C under stirring condition for 6 h, 
respectively. Aliquots were taken out at different time intervals and assayed for the 
formation of maltose by DNS method (Bernfield, 1955). 
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2.2.12. Measurement of p amylase activity 
The activity of P amylase was measured in a reaction containing 250 |.iL of 
starch solution (1% w/v) and 250 (.iL enzyme in 0.1 M sodium phosphate buffer, pH 
6.0. This reaction was incubated at 50 °C for 30 min and tlien stopped by adding 1.5 
niL of DNS reagent. The reaction was heated in a boiling water for 5 min to develop 
colour. After cooling 1.0 mL distilled water was and finally absorbance recorded 
spectrophotometrically at 540 nm. 
One unit (1.0 U) of P amylase activity is defined as the amount of enzyme that 
produces 1.0 mM of maltose min"' under the standard assay conditions. A standard 
curve of absorbance against the amount of maltose was prepared to calculate the 
amount of maltose released during the assay. 
2.2.13. Estimation of protein 
Protein was esfimated by the method of Lowry et al. (1951). A suitable aliquot 
of protein sample was diluted to 1.0 mL with distilled water. To this, 5.0 niL of 
freshly prepared alkaline copper reagent was added. The alkaline copper reagent was 
prepared by mixing copper sulphate (1%, w/v), sodium potassium tartarate (2%, w/v) 
and sodium carbonate (2.0 g) in 0.1 N NaOH in the ratio of 1:1:100. After 10 min 
incubation at room temperature, 0.5 mL of 1.0 N Folin's reagent was added. The 
tubes were instantly vortexed. The color developed was read at 660 mn after 30 min 
against a blank. A standard curve was prepared using bovine serum albumin. 
2.2.14. Statistical analysis 
Each value represents mean for three independent experiments performed in 
triplicates, with average SD<5%. Data were analyzed by one-way ANOVA. P-values 
<0.05 were considered stafistically significant. 
2.3. RESULTS 
2.3.L Immobilization of p amylase on Celite-545 
P Amylase was maximally adsorbed having 83% of the original acfivity on 
Celite-545 at pH 6.0 (Table 5). 
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2.3.2. FT-IR analysis 
FT-IR spectra of Celite-545 and p amylase adsorbed Celite-545 were used to 
investigate the interaction between enzymes and support (Fig 4). The vibration peak 
of H2O was observed at 1639.48 cm'' which might be due to formation of hydrogen 
bonds between proteins and Celite-545. Furthermore, peak at 3362.70 cm"' represents 
the interactions of enzyme with Celite-545. 
2.3.3. AFM study 
The peak-to-valley distances were used as index for measurement of surface 
roughness. Fig. 5 demonstrates surface micrographs of Celite-545 before and after 
adsorption of (3 amylase. The support surfaces, before adsorption of P amylase was 
smooth (Fig 5a). It is evident that as the immobilization progresses, the roughness of 
support surface increases which could be seen from the increase of peak-to-valley 
value (Fig 5b). 
2.3.4. Effect of 1.0 M NaCI on the activity of immobilized p amylase 
The activity of immobilized enzyme was evaluated after incubating the 
reaction with 1.0 M NaCl for 4 h at 50 °C (Fig 6). The adsorbed enzyme exhibited 
significant enzyme activities even after prolong incubation in 1.0 M NaCl. It showed 
that the enzyme was strongly adsorbed on the surface of Celite-545. 
2.3..5. Effect of pH 
pH-optima for both the soluble and immobilized enzyme were found at pH 6.0 
(Fig. 7). However, immobilized P amylase retained remarkably higher enzyme 
activity at alkaline sides as compared to soluble enzyme under similar experimental 
conditions. 
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Table 5: Immobilization of p amylase on Celite-545. 
Enzyme Enzyme Activity bound/g Activity yield % 
activity activity in 
loaded washes of Celite-545 (B/AxlOO) 
(X) (Y) (U) 
(U) (U) 
Theoretical Real Effectiveness factor 
(X-Y=A) (B) B/A) = (;/) 
1232 939 292 244 0.83 83 
Each value represents the mean for three independent experiments 
performed in duplicates. 
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Fig. 4: FT-IR spectra for free and p amylase adsorbed CeIite-545. 
FT-IR analysis was performed to monitor interactions between Celite-545 and 
P amylase. FT-IR spectra (a) Celite-545 and (b) p amylase adsorbed Celite-
545 were monitored by INTERSPEC 2020 (USA). 
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Fig. 5: AFM micrographs of Celite-545 and p amylast adsorbed Celite-545. 
Tapping mode AFM experiments were performed using commercial etched 
silicon tips as AFM probe. The micrographs are (a) Celite-545 and (b) p 
amylase adsorbed Celite-545. 
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Fig. 6: Effect of NaCl on adsorbed p amylase. 
Adsorbed p amylase was incubated with 1.0 M NaCl in sodium phosphate 
bulTer, pH 6.0 at 60 "C for varying time intervals. P Amylase adsorbed Celite-
545 without incubation in NaCl was considered as control (100%) for the 
calculation of remaining percent activity. 
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Fig. 7: pH-activity profiles for soluble and immobilized p amylase. 
The enzyme activity of soluble and immobilized p amylase (1.0 U) was 
measured in buffers of various pH values (pH 2.0-8.0). The molarity of each 
buffer was 0.1 M. The activities for both the soluble and immobilized enzyme 
preparations at pH 6.0 were taken as control (100%) for the calculation of 
remaining percent activity. 
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2.3.6. Effect of temperature 
Fig 8 demonstrated the temperature-activity profiles for soluble and 
immobilized P amylase. Immobilized enzyme exhibited higher temperature optima at 
60 "C than the soluble enzyme, 50 °C under similar experimental conditions. The 
immobilized enzyme retained significantly higher 83% activity at 70 °C whereas 
soluble enzyme exhibited only 28%. 
The immobilized enzyme retained 88% activity after 2 h exposure at 60 "C 
while the free enzyme showed only 62% activity under identical thermal exposure 
(Fig 9). Furthermore, the soluble enzyme lost 64% activity after 4 h exposure at 60 °C 
whereas immobilized enzyme retained significantly higher activity, 66% under similar 
experimental conditions. 
2.3.7. Reusability of immobilized P amylase 
The immobilized P amylase retained 79% of initial enzyme activity even after 
its 7"^  repeated use (Fig 10). 
2.3.8. Storage stability 
Table 6 depicts the storage stability of soluble and immobilized p amylase. 
Immobilized enzyme retained 84% activity after 30 days of storage while its soluble 
counterpart exhibited only 43% activity under similar experimental conditions. 
2.3.9. Starch hydrolysis in batch process 
Table 7 illustrates the hydrolysis of starch by soluble and immobilized p 
amylase in batch processes at 40 °C and 50 °C. Hydrolysis of starch by soluble 
enzyme was 82% after 5 h at 40 °C whereas immobilized enzyme exhibited 88% of 
hydrolytic activity under identical conditions. 
Furthermore, the hydrolysis of starch by soluble and immobilized P amylase at 
50 T after 3 h incubation was 74% and 85%, respectively. It was observed that only 
80% starch was hydrolyzed by the free enzyme after 6 h at 50 °C whereas the 
maximum starch hydrolysis by immobilized enzyme was 96% under similar 
experimental conditions (Table 7). 
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Fig. 8: Temperature-activity profiles for soluble and immobilized p amylase. 
The activity of soluble and immobilized P amylase (1.0 U) was determined in 
0.1 M sodium phosphate buffer, pH 6.0 at various temperatures (20-80°C). 
The activity found at 50 °C and 60 °C were taken as control (100%) for the 
calculation of remaining percent activity of soluble and immobilized P 
amylase, respectively. 
• & 
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Fig. 9: Thermal denaturation of soluble and immobilized P amylase. 
Soluble and immobilized (3 amylase (1.0 U) was incubated at 60 °C for various 
time intervals in 0.1 M sodium phosphate buffer, pH 6.0. Aliquots from each 
preparation was taken at indicated time intervals and chilled quickly in ice for 
5 min. Enzyme activity was determined as described in the text. Activity 
obtained without incubation at 60 °C was taken as a control (100%) for the 
calculation of remaining percent activity. 
47 
Chapter II 
1 2 3 4 5 6 7 
Number of uses 
Fig. 10: Reusability of immobilized p amylase. 
Immobilized (3 amylase (1.0 U) was assayed in 0.1 M sodium phosphate 
buffer, pH 6.0 as described in the text. After each assay, immobilized 
enzyme was taken and stored overnight in assay buffer for next use. This 
procedure was repeated for seven consecutive days. The activity determined 
on the first day was considered as control (100%) for the calculation of 
remaining percent activity after each repeated use. 
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Table 6: Storage stability of soluble and immobilized P amylase. 
Number of days 
Control 
05 
10 
15 
20 
25 
30 
Remaining 
SpA 
100 
91 ±1.41 
77 ±1.25 
60±1.13 
52 ±2.31 
47 ±1.88 
43 ±1.09 
activity (%) 
IpA 
100 
97 ±1.68 
94 ±1.57 
93 ± 0.97 
88 ±1.22 
85±2.10 
84 ±1.32 
Soluble and immobilized (3 amylase preparations were stored at 4 °C in 0.1 
M sodium phosphate buffer, pH 6.0 for 30 days. The aliquots from each 
preparation were taken in triplicates at the gap of 5 days and analyzed for 
remaining enzyme activity. Each value represents the mean for three 
independent experiments performed in duplicates, with an average standard 
deviation, < 5%. 
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Table 7: Hydrolysis of starch by soluble and immobilized P amylase in batch 
processes at different temperatures. 
Time 
0 
30 
60 
90 
120 
150 
180 
240 
300 
360 
(min) R A % 
SpA 
ND 
59±1.21 
64 ±1.53 
67 ±1.33 
67 ±1.88 
72 ±2.34 
81 ±1.09 
82 ±0.97 
82 ±1.86 
82± 1.14 
(at 40 C) 
IpA 
ND 
46±1.71 
53 ± 2.44 
59 ±1.22 
64 ±0.79 
70 ±1.57 
82 ±1.63 
85 ±2.09 
88±1.11 
88 ±2.34 
^RA% 
SpA 
ND 
52 ±2.20 
56 ±2.63 
63 ±1.87 
64 ±1.24 
69 ±1.88 
74 ±1.51 
80 ±0.99 
80 ±0.83 
80 ±1.29 
(at 50 C) 
IpA 
ND 
49 ±1.20 
54 ±1.74 
60 ±1.09 
72±2.15 
78 ±1.99 
85 ±1.53 
92 ±1.41 
96 ± 2.00 
96 ±1.57 
Starch hydrolysis was performed as described in the text. Each value 
represents the mean for three independent experiments performed in 
duplicates, with average standard deviations < 5%. 
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2.4. DISCUSSION 
Amj'lases are the most important hydrolytic enzymes for starch based 
industries. They are commonly used in the food, pharmaceutical, textile and paper 
industries. In the present study, partially purified Ipomoea batata P amylase was 
immobilized on an inexpensive support, Celite-545 via simple adsorption. 
Celite is an inorganic mechanically stable, non-toxic diatomaceous earth 
extensively used for the immobilization of various enzymes and proteins (Li et al., 
2004; Khan et al., 2006). The adsorption of P amylase on Celite-545 was significantly 
affected by change in the medium pH. The result shov/ed that the enzyme was 
maximally adsorbed at pH 6.0 with the retention of 83% enzyme activity. The pH-
dependent adsorption of P amylase on Celite-545 and other supports were reported 
previously by other investigators. 
The preserved activities of sweet potato P amylases were 59% and 76%o 
respectively when immobilized on chitosan and spheron based support (Gray et ai, 
1982; Noda et al., 2001). Furthermore, barley P amylase was immobilized on poly 
(acrylamide-acrylic acid) resin and poly (acrylamide-acrylic acid-diallylamine-HCl) 
resin separately via two different methods. The maximum immobilization efficiency 
was observed in all above method was 73% (Atia et ai, 2003). 
FT-IR and AFM analysis demonstrated that the enzyme gets adsorbed 
significantly on the surface of Celite-545. The peak at 1079.63 cm"' represent the 
asymmetric Si-O-Si stretching vibration of Celite-545 while the band at 791.57 cm" 
attribute to the symmetric stretching of the ring structure of Si04 tetrahedron (Evans 
et al.. 2002). The peaks at 1639.48 cm"' and 3362.70 cm"' showed adsorption of 
enzyme on the surface of Celite-545 (Jia-hui et al., 1999; Prakasham ef al., 2007). 
The intensity of Si-O-Si stretching vibration at 1079.63 cm"' was decreased to 
1074.20 cm"' when the enzyme was adsorbed on this support. A clear modification of 
support surfaces were noticed when the enzyme was immobilized. It showed that the 
significant amount of enzyme was adsorbed on Celite-545. This observation was 
consistent with the previously reported immobilization studies (Djambaskil et al., 
2010). Immobilized enzyme was strongly adsorbed on support since no significant 
decrease in the activity of enzyme was observed even after prolong incubation with 
l.OMNaCl. 
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The properties of an enzyme molecule may be changed by its immediate 
microenvironment. The activity of enzyme changes either in acidic or alkaline side 
depending on the surface and residual charges on the solid support or the pH value in 
the direct vicinity to the active site of enzyme. Immobilization generally change the 
optimum pH of enzymes, depending upon the polymer used as support. Since the 
enzyme activity is significantly influenced by environmental conditions, especially 
pH, the change in behaviour caused by enzyme immobilization is useful for 
understanding the structure-function relationships of enzymes (Aksoy et al., 1998). In 
this study, both soluble and imrnobilized enzyme showed similar pH-optima at pH 
6.0. However, immobilized p amylase retained significant!}' higher enzyme activity at 
alkaline sides as compared to soluble counterpart under similar experimental 
conditions. The change in pH-optima after immobilization can be related to the charge 
on support and functional groups in proteins (Kahraman et ai, 2007a). 
The stability of immobilized P amylase at higher temperature can be applied 
for the synthesis of novel compounds at industrial scale. The result showed that the 
temperature optimum of Celite-545 adsorbed p amylase was increased from 50 °C to 
60 °C (Fig. 8). Noda et al. (2001) reported that the temperature-optimum of sweet 
potato P amylase was increased when immobilized on chitosan beads. Similarly an 
increment in optimum-temperature was observed when soybean P amylase was 
immobilized on phenylboronate-agarose (Viera et al., 1988). The shift in temperature-
optima of immobilized enzyme is might be due to its conformational changes that 
might expose active sites more appropriately for substrate, thereby increasing its 
apparent enzymatic activity (Yoshida et al., 1989; Anderson et al., 2009). 
The industrial uses of enzymes are limited due to their high cost and 
sensitivity to the environmental changes. Immobiliza.tion miakes the process 
economically feasible since the immobilized enzyme can be used repeatedly. 
Immobilized p amylase retained nearly 79% activity even after its sixth repeated use 
(Fig 10). The minor loss in activity upon reuse was might be due to frequent 
encountering of substrate to the same active site which led to the distortion of enzyme 
results in dwindling the catalytic efficiency either partially or fully (Konsoula et ai, 
2006). 
The hydrolysis of starch by soluble and immobilized P amylase showed that 
the rate of hydrolysis was more in case of soluble enzyme for the first few hours as 
compared to immobilized p amylase. It was due to soluble enzyme was more 
52 
Chapter 11 
accessible to substrate for first few hours but after prolonged incubation, the rate of 
hydrolysis decreased. It might be due to unfolding or inhibition of free enzyme by its 
own product (Tanriseven and Dogan, 2002; Yagar et al., 2008). Shewale and Pandit 
(2007) reported similar result when starch was hydrolyzed by a amylase, immobilized 
on super porous CELBEADS. 
Thus, we can conclude that immobilized (3 amylase exhibited better 
thermostability than free enzyme which display several benefits including low 
viscosity of substrates and products, minimized bacterial contaminations, increased 
reaction rates and decrease operation time. Furthermore, immobilized enzyme 
significantly hydrolyzed starch in batch processes at high temperatures. Thus, the 
reactors containing such types of inexpensive immobilized tmzyme preparations could 
be exploited for the continuous hydrolysis of starch at large scale. 
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Immobilization of porcine pancreatic 
a amylase on magnetic FciOs 
nanoparticles: Its applications in the 
hydrolysis of starch 
Chapter III 
3.1. INTRODUCTION 
Amylases (E.G. 3.2.1.1) are important enzyme, catalyzes the hydrolysis of 
a-1,4 glucosidic bonds in starch, glycogen and other related carbohydrates (Bordbar el 
al., 2005). The exploitations of soluble amylases in industries are limited due to low 
stability, non reusability, product inhibition and difficult recovery from the reaction 
system (Akoh et al., 2008). In order to overcome these limitations, enzyme 
immobilization is considered as one of the best alternative to use the enzymes at large 
scale in industries and environmental applications (Husain, 2010). Furthermore, it 
protects enzymes from the denaturation and help to retain them in biochemical 
reactors to further catalyze the subsequent feed and offer more economical use of 
biocatalysts in industry, waste water treatment and development of bioprocess 
monitoring devices like the biosensor (Mateo et al., 2000; Flusain, 2006). 
In the recent past, nanosized materials have been widely employed for the 
immobilization of enzyme due to larger surface to volume ratio, better loading 
capacity and low mass transfer resistance (Chen et al, 2007; Kim et al, IQQl; Ansari 
and Husain, 2012b). The magnetic nanoparticles popularl)' used in conjunction with 
biological molecules like proteins, enzymes and nucleic acids. Since magnetic NPs 
make complete and easy recovery of these molecules from the reaction system, 
thereby reducing the operational cost of the processes (Safarikova tt al, 2005; 
Namdeo and Bajpai, 2009; Safarik and Safarikova, 2009). 
In the present work, FeiOs-NPs were synthesized by sol-gel method. These 
NPs were used as a support for the immobilization of a amylase. The free and enzyme 
bound Fe203-NPs were characterized by XRD, FT-IR and AFM. Thermal properties 
of both the soluble and immobilized a amylase were examined by TGA and DTA 
analysis. The effect of various metal ions and denaturants on the activity of soluble 
and immobilized a amylase was monitored. The hydrolysis of starch by the free and 
Fe203-NPs bound a amylase was performed in batch processes. Reusability of the 
immobilized enzyme was also examined. 
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3.2. MATERIALS AND METHODS 
3.2.1. Materials 
ff^V3 
a Amylase (Porcine pancreas), starch, maltose, glucose and DNS reagent were 
purchased from SRL Chemicals (Mumbai, India). Ferric nitrate, mono hydrated citric 
acid and metal ions were obtained from Sigma-Aldrich Co. (USA). All other 
chemicals and reagents were of analytical grade and used without any further 
purification. 
3.2.2. Synthesis of FciOs-NPs by sol-gel method 
Fe203-NPs were synthesized according to the procedure described by Raming 
et al. (2002) with some minor modifications. Ferric nitrate (200 mL, 0.1 M) was used 
as a precursor solution gelated with 800 mL of mono hydrated citric acid (0.05-0.2 M) 
as ligand molecules and triple distilled water as a solvent. Ferric nitrate was added 
drop wise to the citric acid solution and vigorously shaken at 70 °C with continuous 
stirring until the gel was formed and water completely evaporated. The dried gel was 
then annealed at 100 °C for 16 h to solidify it which then grounded. Fe203-NPs were 
thus synthesized and exploited for further studies. 
3.2.3. XRD analysis of free and a amylase adsorbed FeiOs-NPs 
The crystal structure of free and a amylase adsorbed FeiOa-NPs were obtained 
with X-ray diffractometer (Rigaku Miniflex X-ray diffractometer) using 
monochromatized X-ray beam with nickel-filtered Cu Ka radiation. A continuous 
scan mode was used to get 20 values from 20° to 80°. Particle size (D) was determined 
by Scherer's formula as; 
D = 0.9 ;i/B cos e 
Where I is the X-ray wavelength (1.54060 A), B is the full width at half-maximum of 
Fe203 (400) line and 0 is the diffraction angle. 
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3.2.4, Immobilization of a amylase 
FeiOa-NPs (40 mg) were added to a amylase (2083 U) which was dissolved in 
0.1 M sodium phosphate buffer, pH 7.0. The obtained mixture was then stirred 
overnight at 4 °C. The enzyme bound NPs were collected by centrifugation at 5,000 x 
g for 10 min at 4 "C. Unbound enzyme was removed by washing thrice with 0.1 M 
sodium phosphate buffer. Immobilized enzyme was finally stored in assay buffer at 4 
°C till further use. 
3.2.f5. AFM analysis 
Tapping mode AFM experiments of free and enzyme bound FeiOs-NPs were 
recorded according to the procedure described in Chapter IT Section 2.2.5. 
3.2.6. FT-IR analysis of enzyme, FeiOa-NPs and a amylase adsorbed Fe203-NPs 
FT-IR spectra of enzyme, FeiOs-NPs and a amylase adsorbed FeiOs-NPs were 
recorded according to the procedure described in Chapter II, Section 2.2.4. 
3.2.7. TGA and DTA analysis 
TGA measurements were performed with a Mettler-3000 thermal analyzer 
using 2.0 mg sample with heating rate of 10 °C/min in N2 atmosphere. The DTA 
analysis was also done at similar heating range by TA-Q 200, Differential Scanning 
Calorimeter (USA). 
3.2.8. Effect of pH and temperature 
The effects of pH on the enzyme activity of soluble and immobilized 
a araylase (51.0 U) were measured in the buffers of different pH (4.0-8.0). The 
buffers used were sodium acetate (pH 4.0, 5.0), sodium phosphate (pH 6.0, 7.0) and 
Tris-HCl (pH 8.0). The molarity of each buffer was 0.1 M. The activity at pH 7.0 and 
pH 6.0 were taken as control (100%) for the calculation of remaining percent activity 
for soluble and immobilized enzyme, respectively. 
The activity of soluble and immobilized a amylase (51.0 U) was measured at 
various temperatures (20-80 °C). The enzyme activity at 40 °C and 50 °C were taken 
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as control (100%) for the calculation of remaining percent activity of soluble and 
immobilized enzyme, respectively. 
3.2.9. Effect of metal ions on the activity of soluble and immobilized a amylase 
Soluble and immobilized a amylase (51.0 U) was incubated independently 
with 5.0 mM solution of metal ions (chlorides of Na"", K", Mg^ "", Cu^ ,^ Co^ ,^ Ba^', 
Zn^', Ca^ "^  and Fe"'^ ) and their activities were determined at 40 °C. The enzyme 
activity in the absence of metal ions was taken as control (100%) for the calculation 
of remaining percent activity. 
3.2.10. Effect of urea on activity of soluble and immobilized a amylase 
Soluble and immobilized a amylase (51.0 U) was incubated with 4.0 M urea at 
40 "C for different time intervals. The enzyme activity without denaturant was taken 
as control (100%)) for the calculation of remaining percent activity of soluble and 
immobilized enzyme. 
3.2.11. Reusability of immobilized a amylase 
Immobilized a amylase (51.0 U) was taken in triplicates for assaying its 
activity. After each assay, enzyme was taken out from assa}' tubes and stored in 0.1 M 
sodium phosphate buffer, pH 6.0 at 4 °C. The procedure was repeated for 8 successive 
days and the activity determined on first day was taken as control (100%)) for the 
calculation of remaining percent activity after each repeated use. 
3.2.12. Hydrolysis of starch in batch process 
Starch solution (1.0%), w/v) was independently incubated with soluble and 
immobilized a amylase (4850 U) at 40 °C for 8 h under constant stirring conditions. 
The aliquots (500 \iL) were taken out at indicated time intervals. The hydrolysis of 
starch and the formation of maltose were assayed by DNS method (Bernfield, 1955). 
3.2.13. Determination of a amylase activity 
a Amylase activity was determined by DNS method using 1.0 %> (w/v) soluble 
starch as a substrate (Bernfield, (1955). The reaction mixture containing enzyme (250 
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|.iL) and starch (250 [iL) was incubated for 30 min at 40 °C. The reaction was stopped 
by adding 1.5 mL DNS reagent and kept in a boiling water for 5 min. DNS is a 
coloured reagent; the reducing groups released from starch by action of a amylase 
was measured by its reduction. After cooling, 1.5 mL distilled water was added and 
finally absorbance was recorded spectrophotometrically at 540 nni. 
One unit (1.0 U) a amylase activity is defined as tlie amount of enzyme that 
liberates 1.0 ^M of maltose per min under standard assay conditions. A standard 
curve of absorbance against maltose was prepared to calculate the amount of maltose 
released during assay. 
3.2.14. Estimation of protein 
Protein concentration was determined by using Bradford dye binding method 
(Bradford, 1976). Bradford dye was prepared by dissolving 30 mg of commassie 
brilliant blue G 250 in 15 mL ethanol and 30 mL o-phosphoric acid. The contents 
were properly dissolved in a brown bottle and final volume was then made up to 300 
mL with distilled water. Prepared dye solution was filtered through a Whatman filter 
paper. Aliquots of protein were taken in a set of tubes and final volume was made up 
to 1.0 mL with distilled water. Bradford dye solution (5.0 mL) was then added to each 
tube. The color developed was read at 595 iim after 5 min incubation at room 
temperature against a blank reagent. Bovine serum albumin was used as a standard 
protein. 
3.2.15. Statistical analysis 
Statistical analysis was performed as described in Chapter II Secfion 2.2.14. 
3.3. RESULTS 
3.3.1. Immobilization of a amylase on FeaOj-NPs 
Table 8 demonstrates the immobilization of a amylase on FeaOs-NPs. It was 
found that Fe203-NPs adsorbed a amylase retained 94% of its initial enzyme activity. 
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3.3.2. XRD analysis 
Fig 11 depicts tlie diffraction pattern of free and a amylase adsorbed Fe203-
NPs, Tlie result showed that Fe203-NPs contained hexagonal crystal symmetry with 
average crystalline size of 26.90 nm (Fig 11a) which decreased to 24.25 nm after 
enzyme adsorption (Fig lib). The high intensity peaks of nanosupport after 
immobilization was masked due to overwhelming of enzyme. 
3.3.3. AFM and FT-IR analysis 
AFM images of free and enzyme adsorbed Fe203-NPs are shown in Fig 12. 
The peak-to-valley distance was used as an indicator for the measurement of surface 
rougliness. The surfaces of free NPs are smooth having small peak-to-valley distance 
(Fig 12a) which increased remarkably after adsorption of enzyme (Fig 12b). The 
surfaces of FeaOs-NPs were fully covered with enzyme corresponding to substantial 
enzyme loading. 
Fig 13 shows FT-IR spectra of Fe203-NPs, a amylase and a amylase adsorbed 
Fe203-NPs. A sharp peak observed at 538 cm"' constitutes characteristic peaks of 
Fe-0 vibration (Fig 13a and 13c). Amide 1 peak was observed at 1600-1700 cm"' 
represents stretching vibration of C=0 group in protein backbone. The peak at 1108 
cm"' reflects the occurrence of imidazole ring of histidine side chain (Fig 13b). 
Moreover, the interaction of nanoparticles with the C-N group of enzyme was evident 
from the shifting of amide A band at 3341 cm"' towards higher frequency, 3349 cm' 
(Fig 13b and 13c). 
3.3.4. TGA and DTA analysis 
TGA and DTA results for the soluble and immobilized enzyme are shown in 
Fig 14. TGA study demonstrates that enzyme exhibited a small peak at 200 °C which 
represents 5% weight loss while at 400 °C the weight loss was higher than 65% (Fig 
14a). Furthermore, Fe203-NPs adsorbed a amylase exhibited only 5% weight loss up 
to 500 °C (Fig 14c). A significant loss in weight for free enzyme was attributed due to 
removal of water and solvents from the reaction system. DTA analysis evidenced that 
the thermal decomposition of enzyme begins at 180 °C while Fe203-NPs adsorbed a 
amylase retained significantly greater stability up to 300 °C (Fig 14b & 14d). 
59 
Chapter III 
Table 8: Immobilization of a amylase on Fe203-NPs. 
Enzyme 
activity 
loaded 
(X) 
(U) 
Enzyme 
activity in 
washes 
(Y) 
(U) 
Activity bound to 
FeiOa-NP 
(U) 
Activity yield % 
(B/AxlOO) 
Theoretical Real Effectiveness factor 
(X-Y=A) (B) B/A) = (;/) 
2083 1528 554 521 0.94 94 
Each value represents the mean for three independent experiments 
performed in duplicates. 
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Fig. 11: XRD analysis of free and a amylase adsorbed Fe203-NPs. 
XRDs show (a) Fe203-NPs and (b) a amylase adsorbed FeiOs-NPs. 
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Fig. 12: AFM micrographs of free and a amylase adsorbed Fe203-NPs. 
Tapping mode AFM experiments were performed using commercial etched 
silicon tips as AFM probe with typical resonance frequency of ca. 300 Hz. 
AFM are (a) Fe203-NPs and (b) a amylase adsorbed Fe203-NPs. 
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Fig. 13: FT-IR spectra of Fe203-NPs, a amylase and enzyme adsorbed FeiOa-NPs. 
FT-IR analysis was done to monitor the interactions of enzyme with NPs. 
The FT-IR spectra are (a)"Fe203-NPs, (b) a amylase and (c) a amylase 
adsorbed FeiOs-NPs. The spectra were monitored with INTERSPEC 2020 
(USA) in the range of 400-4000 cm'. 
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Fig. 14: TGA and DTA analysis of a amylase and enzyme adsorbed FezOa-NPs. 
TGA experiments of (a) a amylase and (b) a amylase adsorbed Fe203-NPs 
were performed with Mettler-3000 thermal analyzer using 2 mg sample in a 
heating rate of 10 °C / min in Ni atmosphere. DTA analysis of (c) a amylase 
and (d) a amylase adsorbed Fe203-NPs were also done in similar heating 
range. 
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3.3.5. Effect of pH and temperature 
The soluble enzyme exhibited its pH-optimum at pH 7.0. However, the pH-
optirnum for immobilized a amylase was shifted towards acidic region, pH 6.0 (Fig 
15). Moreover, soluble enzyme showed only 36% activity at pH 5.0 while the 
immobilized enzyme retained 53% activity at the same pH. 
The temperature-optimum profiles shifted from 40 "C to 50 °C for 
immobilized enzyme (Fig 16). However, as the temperature increases, the activity of 
free enzyme decreased more rapidly as compared to nanoparticle bound a amylase. 
3.3.6. Effect of metal ions 
Table 9 showed the effect of various metal ions on the activity of soluble and 
immobilized a amylase. It was found that Cu^* cause maximum activity inhibition for 
both the enzyme preparations. Significant activity for immobilized a amylase was 
recorded in the presence of NaCl, KCl, CoCh and CaCli. However, BaClj and SrCl2 
depicted enhanced activity merely for soluble enzyme under similar experimental 
conditions. 
3.3.7. Effect of urea 
Immobilized a amylase was more stable than their soluble counterparts for 
long time exposure of 4.0 M urea (Fig 17). The result showed that the immobilized 
enzyme expressed 60% activity after 4 h incubation while the activity loss by soluble 
enzyme was more than 81 % under identical exposure. 
3.3.8. Hydrolysis of starch in batch process by soluble and immobilized a 
amylase. 
Table 10 summarizes the hydrolysis of starch by soluble and immobilized a 
amylase at 40 °C for varying time periods. The hydrolysis of starch by soluble 
enzyme after 4 h was 61% whereas immobilized enzyme hydrolyzed 68%o starch 
under the similar experimental conditions. It was further noticed that the maximum 
hydrolysis of starch attained by the free enzyme was 74% in 8 h while the 
immobilized enzyme hydrolyzed higher amount of starch (92%o) under the same 
incubation time. 
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Fig. 15: pH-activity profiles for soluble and immobilized a amylase. 
The enzyme activity for soluble and immobilized a amylase (51.0 U) was 
measured in the buffers of various pH. The buffers used were sodium acetate 
(pH 4.0, 5.0), sodium phosphate (pH 6.0, 7.0) and Tris-HCl (pH 8.0). The 
molarity of each buffer was O.IM. The activity at pH 7.0 and pH 6.0 were 
taken as control (100%) for calculation of remaining percent activity of 
soluble and immobilized a amylase, respectively. 
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Fig. 16: Temperature-activity profiles for soluble and immobilized a amylase. 
The activity of soluble and immobilized a amylase (51.0 U) was measured at 
various temperatures (20-80 °C) for 30 min. The enzyme activity at 40 °C 
and 50 °C were taken as control (100%) for calculation of remaining percent 
activity of soluble and immobilized enzyme, respectively. 
67 
Chapter III 
Table 9: Effect of metal ions on the activity of soluble and immobilized a amylase. 
Remaining activity (%) 
Metal ions (5 mM) Soluble enzyme Immobilized enzyme 
None 100 100 
NaCl 106.9 ±2.90 118.1 ±1.71 
KCl 103.6±1.11 110.5±2.51 
MgCl2 96.3 ± 0.97 97.6 ± 2.85 
CuCl2 21.7 ±2.00 35.7 ±2.37 
C0CI2 81.4 ±1.94 114.7 ±1.43 
BaCl2 112.2 ±2.54 91.4 ±1.65 
ZnCl2 53.0 ±1.27 77.6 ±1.25 
CaCl2 97.5 ±1.11 105.7 ±0.95 
FeCl3 63.1 ±2.46 92.3 ±1.69 
* Activity (%) of enzyme compared with the activity without metal ions. 
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Fig, 17: Effect of 4.0 M urea on the activity of soluble and immobilized a amylase. 
Soluble and immobilized a amylase (51.0 U) was incubated with 4.0 M urea 
in 0.1 M sodium phosphate buffer, pH 7.0. The enzyme activities were 
determined at different time intervals under conditions mentioned in the text. 
The activity of untreated sample was considered as control (100%) for 
calculation of remaining percent activity. 
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Table 10: Hydrolysis of starch by soluble and immobilized a amylase in batch 
processes at 40 "C. 
Time (min) 
0 
30 
60 
90 
120 
180 
240 
300 
360 
420 
480 
Remaining 
Soluble 
0 
14 ±0.69 
20±2.11 
25 ±1.34 
36 ±2.08 
47 ±1.22 
61±1.34 
67 ±0.98 
73 ±1.75 
73±1.11 
73 ± 2.43 
activity (%) 
Immobilized 
0 
9±1.39 
15 ±1.42 
20 ±2.48 
42 ±0.99 
59 ± 2.22 
68 ±1.90 
74±1.10 
83 ±0.79 
92±1.15 
92 ±1.42 
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3.3.9. Reusability 
Immobilized a amylase depicted 83% residual activity even after 8' repeated 
use (Fig 18). The significant activity of enzyme on repeated uses is might be due to 
multipoint non-covalent attachment of enzyme to the support which increased its 
stability. 
3.4. DISCUSSION 
Several methods have been employed previously for the immobilization of 
amylases. Among these methods, physical adsorption is considered as one of the most 
preferred choices due to its simplicity and regeneration of support. Moreover, the 
method does not require any pre-activation step of suppon (Iyer and Ananthanarayan, 
2008). In the present study, a amylase was immobilized on sol-gel synthesized Fe203-
NPs and found that the immobilized enzyme preserved 94% activity. An earlier report 
showed that a amylase retained 25%) of its original enzyme activity when 
immobilized on cellulosic support (Kennedy and Paterson, 1993). However, 62%) 
activity was reported when a amylase was covalently immobilized on poly (dimer 
acid-co-alkyl polyamine) particles (Hasirci et al., 2006). 
X-ray diffraction analysis showed that the crystalline nature of FeaOj-NPs was 
decreased after immobilization (Fig 11). The lower intensity of a amylase adsorbed 
FeaOs-NPs might be due to the overwhelming of enzyme over the NPs surfaces 
(Mallikarjuna et al., 2005). 
The binding of magnetic NPs to the bioactive substances like proteins, 
enzymes, nucleic acids and drugs have been occurred via metal centers and side 
chains of amino acids of proteins. Immobilized enzyme exhibited better enzyme-
substrate interactions due to availability of higher surface area of NPs which makes a 
significant structural modulation of enzyme (Weng et al., 2004; Konwarh et al., 
2009). AFM analysis of free and a amylase adsorbed on FeiOs-NPs showed that 
surface morphology of NPs was changed significantly after adsorption of enzyme. 
Simiilar alteration in the surface morphology was observed when acetylcholinesterase 
and polyclonal antibodies was adsorbed on the gold film (Scaramuzzo et al., 2009). In 
another study, Saal et al. (2002) represented that surface roughness of silica 
nanoparticles was remarkably changed when glucose oxidase binds on its surface. 
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Fig. 18: Reusability of immobilized a amylase. 
Reusability of immobilized a amylase was monitored for 8 successive days. 
The preparation was taken in triplicates and assayed for the remaining 
percent activity. The activity determined on the first day was taken as 
control (100%) for calculation of remaining percent activity after each use. 
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FT-IR spectroscopic study demonstrates that the Ibrmation of hydrogen bonds 
between the amino groups of enzyme and water molecules makes the process easy for 
immobilization (Lei et al, 2002). Amide I peak was observed in the range of 1600-
1700 cm" corresponding the stretching vibration of C=0 groups of protein backbone. 
This peak is sensitive to short range imposed by distinct hydrogen bonding 
arrangements in protein secondary structure (Jackson and Mantsch, 1995). The 
interactions of nanoparticles with the enzyme was evident from the shifting of amide 
A band from 3341 cm" towards higher frequency, 3349 cm"' (Krimm and Bandekar, 
1986). 
The conjugation of enzyme with NPs may change its pH and temperature 
optima thereby bringing its applications in various analytical and biotechnological 
industries. The activity of immobilized enzyme depends on the microenvironment of 
enzyme as well as structure and charge on the matrix (Roig et al, 1993). In this study, 
it has been observed that immobilized a amylase exhibits lower pH-optima than the 
free enzyme. A change in pH-optima after immobilization of enzyme towards acidic 
as well as alkaline side has been reported by earlier investigators (Bayramoglu et al., 
2004; Arica e/a/., 1995). 
The stability of the free enzyme at higher temperature is one of the most 
important limitations for its application in continuous reactors. The optimum-
temperature for the immobilized a amylase was increased from 40 °C to 50 °C (Fig 
16). However, the activity of soluble enzyme was decreased more rapidly at higher 
temperature as compared to immobilized a amylase. The higher temperature optima 
of immobilized enzyme is might be due to interaction of enzyme with support more 
strongly which does not allow much changes in the conformation of enzyme (Lee et 
a/., 1993; Magri £'/«/., 2005). 
Starch has various industrial applications like production of sweeteners, 
adhesives, thickening and binding agents. Continuous hydrolysis of starch in batch 
process revealed that initially the rate of hydrolysis was more in case of free enzyme 
for the first few hours as compared to the immobilized enzyme. It might be due to 
en2:yme unfolding or inhibition of activity by its own product on longer exposure 
(Tanriseven and Dogan, 2002; Yagar et al, 2008). Shewale and Pandit (2007) showed 
similar results with a amylase immobilized on super porous CELBEADS. 
Immobilized a amylase retained 83% activity after 8'*^  repeated use (Fig 18). The 
significant activity of immobilized enzyme was due to multipoint non-covalent 
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attachment of enzyme to the nanosupport which increased the stabiHty of enzyme 
(Konsoula and Liakopoulou-Kyriakides, 2006). The effect of metal ions on the 
activity of enzyme revealed that immobilized a amylase was less affected than its free 
form in the presence of various metal ions. The relative activity of immobilized a 
amylase was greater in the presence of NaCl, KCl, CaCi2 and CoCb. This suggested 
that immobilized enzyme was better protected against the adverse effects of these 
heavy metal ions (Lonsane and Ramesh, 1990; Lo et ai, 2001). 
Finally, it can be concluded that the FeaOs-NPs bound a amylase could be 
exploited for the continuous hydrolysis of starch for longer durations even at higher 
temperatures in the presence of several metal ions and denaturants. Furthermore, such 
immobilized enzyme could prove useful for effective conversion of starch into more 
reducing sugars in the continuous reactors at industrial le\'el. 
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High yield immobilization and 
stabilization of Bacillus 
amyloliquifaciens a amylase by 
SnOi nanoparticles 
Chapter IV 
4.1. INTRODUCTON 
In recent years nanotechnolog)' grows in many fields includes biotechnology, 
analytical chemistry, physics, optics and medicine (Salata, 2004; Ansari and Husain, 
2012b). The conjugation of biological molecules with the nanomaterials are of great 
importance in many industries and health sectors (Li et al, 2003; Chow ei al., 2005). 
Binding of proteins to the planer surfaces of bulk material often induce significant 
changes in its secondary and tertiary structures while the high curvature of NPs 
protects them. The interaction of protein to the NPs depend not only on surface 
charges, hydrophobicity and intrinsic property of protein but also on particle 
characteristics. NPs having high surface to volume ratio, chemical stability, low 
toxicity thus possess remarkable advantages over other conventional materials in 
terms of enzyme immobilization (Topoglidis et al., 2001; Husain et al., 2011). 
Furthermore, metal NPs have high isoelectric point, suitable for absorption of proteins 
with lower isoelectric point since protein immobilization is primarily driven by 
electrostatic interactions (Grealis and Magner, 2002). 
Immobilization of enzyme is an important aspect not only for reusability 
purposes but also their effective industrial uses. As compared to free enzymes in 
solution immobilized enzymes are more robust and resistant to environmental 
changes. Therefore, various immobilization techniques and supports like 
functionalized glass beads (Kaliraman et al, 2007b), alginate matrix (Tee and 
Kaletunc, 2009), reactive polymer film (Cordeiro et al, 2011), magnetic chitosan 
beads (Yang et al., 2010), pHEMA and microspheres (Sun et al, 1999) have been 
used for the immobilization of amylases for many years to enhance its enzymatic 
activity, stability and life time. 
In the present study, a amylase was immobilized on sol-gel synthesized SnOa-
NPs by means of simple adsorption. The surface morphology of NPs before and after 
adsorption of enzyme was characterized by TEM and SEM. Thermal stability of 
support was studied via TGA and DTA. Genotoxicity of NPs with and without 
enzyme was assessed by pUC19 plasmid nicking and comet assays. Immobilized a 
amylase was also explored for its applicability and efficiency, including stability and 
recyclability. 
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4.2. MATRIALS AND METHODS 
4.2.1. Materials 
a Amylase (Bacillus amyloliquefaciens, EC.3.2.1.1) tin tetrachloride 
pentahydrate (SnCl4.5H20) were purchased from Sigma (St. Louis, MO, USA). 
Starch, maltose, glucose and DNS reagent were obtained from SRL Chemicals 
(Mumbai, India). All other chemicals and reagents were of analytical grade. 
4.2.2. Synthesis of Sn02-NPs via sol-gel method 
Tin oxide NPs were synthesized by sol-gel method according the procedure 
described by Adnan et al (2010) with some minor modifications. Sol solution was 
prepared by dissolving 3.0 g of SnCl4.5H20 in 100 mL methanol (CH3OH) under 
vigorous stirring. Aqueous ammonia solution (4.0 mL) was added drop wise to it 
under the same experimental conditions. The formed gel solution was filtered and 
washed with methanol to remove impurities, dried over ^Q °C for 5 h in order to 
remove water. Finally, the dried gel powder was calcined at 400 °C for 2 h which 
resulted in the formation of Sn02-NPs. 
4.2.3. Adsorption of a amylase on Sn02-NPs 
For the immobilization of a amylase, Sn02-NPs (100 mg) were added into a 
amylase (1820 U) in 50 mM sodium phosphate buffer, pH 6.0. The immobilization 
was carried out for overnight at 25 °C in a shaking water bath. The enzyme adsorbed 
NPs were collected by centrifugation at 5,000 x g for 20 min at 4 °C. Unbound 
enzyme was removed by washing thrice with 50 mM sodium phosphate buffer, pH 
6.0. Finally immobilized enzyme was stored in the assay buffer at 4 °C for further use. 
4.2.4. FT-IR spectroscopy 
The binding of a amylase with Sn02-NPs were examined with FT-IR 
according to the procedure described in Chapter II, Section 2.2.4. 
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The morphology and size of SnOi-NPs with and without enzyme was 
monitored with JEOL, JEM-2100F TEM (Japan). TEM analysis was done with an 
accelerating voltage of 200 KV. The sample was prepared by drop coating diluted 
NPs solution on carbon coated copper grid. 
4.2.6. SEIVl analysis 
The adsorption of enzyme on NPs were further confirmed by scanning 
electron microscopy (Zeiss EVO 50, Germany). For SEM analysis, free and enzyme 
bound NPs were coated with 15 nm thick film of Au-Pd and examined at 20 kV 
accelerating voltage. 
4.2.7. XRD analysis 
XRD measurements of SnOa-NPs were performed ficcording to the procedure 
described in Chapter III, Section 3.2.3. 
4.2.8. TGA and DTA analysis 
TGA and DTA study of Sn02-NPs were recorded on Mettler-3000 thermal 
analyzer and TA Q200, DSC, respectively according to the procedure described in 
Chapter III, Section 3.2.7. 
4.2.9. Genotoxicity tests for the free and enzyme bound SnOi-NPs by plasmid 
nicking assay 
Conversion of supercoiled plasmid DNA in to open circular and further linear 
form is used as an index of DNA damages. The plasmid nicking assay was performed 
with some modifications according to the procedure described by Kitts et al. (2000). 
Reaction mixtures (50 \iL) containing 1.0 i^g plasmid DNA, 1.0 mM NPs and 10 mM 
Tris-HCl, pH 7.5 were incubated at room temperature for 1 h. After incubation, 10 |iL 
of gel loading buffer having EDTA, bromophenol blue and glycerol was added. The 
control and treated DNA solutions were loaded in 1% (w/\) agarose gel and subjected 
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to electrophoresis in Tris borate EDTA running buffer. The gel was stained with 
ethidium bromide and visualized with UV-transilluminator. 
4.2.10. Alkaline comet assay for the free and a amylase bound Sn02-NPs 
Comet assay (single cell gel electrophoresis) was carried out to examine the 
genotoxicity of free and enzyme bound SnOa-NPs. The experiment was done under 
alkaline conditions according to the protocol described by Dhawan el al. (2009) with 
some modifications. Microscopic slides were pre-coated with 1.0% (w/v) normal 
melting agarose and allowed to air dry. The NPs treated lymphocyte cells along with 
80 |iL of 1.0 % low melting agarose were added to these slides, covered immediately 
with cover slip and then kept in a refrigerator for 10 min to solidify. The cover slips 
were removed gently and the slides immersed in cold lysing solution (2.5 niM NaCl, 
1% (v/v) Triton X-100, 10% (w/v) DMSO, 10 mM EDTA, 10% (w/v) sodium lauroyl 
sarcosinate and 100 mM tris-HCl, pH 10) for 1 h at 4 °C. After lysis, DNA was 
allovv'ed to unwind for 30 min in alkaline electrophoresis solution consisting (30 niM 
NaOH and 1.0 mM EDTA, pH >13. Electrophoresis was perfonned at 4 °C by 300 
mA current. The slides were then neutralized in buffer containing 0.4 M Tris-HCl, pH 
7.5 for 10 min and covered with cover slips. These slides were scored using an image 
analysis system (Komet 5.5; Kinetic Imaging, Liverpool, UK) attached with an 
Olympus fluorescent microscope (CX 41, Olympus Optical Co., Tokyo, Japan). 
Comets were scored at 200X magnification. More than 20 randomly selected images 
were analyzed from each sample and the parameter taken to assess lymphocytes DNA 
damage was tail length (migration of DNA from the nucleus, mm) and was 
automatically generated by the Komet 5.5 image analysis system. 
4.2.11. Effects of pH and temperature on the activity of free and immobilized 
a amylase 
The optimum pH for the activity of free and immobilized enzyme were 
assayed by incubating with starch in buffers of different pH (4.0 to 8.0). The molarity 
of each buffer was 50 mM and the maximum enzyme activity at pH 6.0 was taken as 
control (100%) for the calculation of remaining percent activity of soluble and SnOa-
NPs bound a amylase. 
Furthermore, the optimum temperature for the soluble and immobilized a 
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amylase was determined by assaying the enzyme activity at a temperature of 20 °C to 
80 °C in a standard buffer. The activity at 50 °C and 55 °C were taken as control 
(100%) for the calculation of remaining percent activity of soluble and immobilized a 
amylase, respectively. 
4.2.12. Thin layer chromatography 
The hydrolyzed products of starch by the action of a amylase were identified 
by TLC according to the procedure described by Anderson et al. (2000). Prepared 
samples were spotted on pre-coated silica gel plate (Kieselgel 60 F254; Merck, 
Germany). The plates.were developed in TLC chamber having solvents of n-butanol, 
acetone, and water (4:5:1) at room temperature. The plate was dried overnight at room 
temperature and visualized by spraying with diphenyl amine reagent. 
4.2.13. Evaluation of reusability of Sn02-NPs bound a amylase 
The retention of activity for Sn02-NPs bound a amylase was examined at 
optimum pH and temperature. After each run, immobilized enzyme was separated by 
centrifugation, washed several times with buffer and reintroduced into a fresh reaction 
medium. This procedure was repeated for eight successive days and the activity 
determined on the first day was considered as control (100%) for the calculation of 
remaining percent activity after each use. 
4.2.14. Assay of a amylase 
Bernfeld, (1955) procedure with some modifications was used to assay the 
activity of a amylase. Appropriately diluted enzyme was added to 500 \iL solution of 
gelatinized starch (1% w/v). After incubation at 50 °C for 10 min in a shaking water 
bath, reaction was stopped by adding 1.0 mL DNS reagent. The tubes were kept in 
boiling water for 5 min to develop colour. After cooling, 1.0 mL distilled water was 
added and finally absorbance was recorded spectrophotometrically at 540 nm. 
One unit (1.0 U) of a amylase activity is defined as the amount of enzyme 
that produced 1.0 niM of maltose per min under optimum assay conditions. 
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4.2.15. Estimation of protein 
Protein concentration was determined according to tiie procedure described in 
Chapter III, Section 3.2.14. 
4.3. RESULTS 
4.3.1. XRD analysis 
Fig 19 show XRD patterns of Sn02-NPs calcined at 400 °C for 2 h using 
methanol as a solvent. Sample exhibited wide diffraction peak at the same position, 
which can be indexed to the tetragonal structure of SnOi-NPs (JCPDS: 88-0287). The 
XRD diffractogram showed broad peaks at 29 of 27°, 34°, and 53° which corresponds 
the diffraction of 110, 101 and 211 planes of Sn02 crystal, respectively. The size of 
the NPs was calculated by using Scherrer's equation given in Chapter III, Section 
3.2.3. Based on full width at half maximum of 110 diffraction plane, the average 
crystallite size of Sn02-NPs was 11.2 nm. 
4.3.2. Immobilization of Sn02-NPs adsorbed a amylase 
Table 11 demonstrates the immobilization efficiency of a amylase. It was found 
that the immobilized a amylase preserved 90% of its original enzyme activity. 
4.3.3. FT-IR analysis 
The binding of a amylase with Sn02-NPs was examined by FT-IR 
spectroscopic study. The IR spectra of NPs, a amylase and enzyme bound NPs are 
shown in Fig 20. The intense and broad peak at 3346 cm"' and 1638 cm" are 
attributed to the 0-H vibration of methanol and water absorbed on sample surfaces 
(Fig 20a). Metal oxide exhibited peak at 554 cm"' which could be assigned due to 
stretching vibration of Sn-0 framework (Fig 20a & 20c). The band intensity of 
protein at 1643 cm"' represent the bending vibration of N-H group which decreased 
(4.0 units) after adsorption of enzyme (Fig 20b & 20c). Other characteristic bands at 
1110 cm"' and 1036 cm"' could be due to the stretching and bending vibrations of 
aliphatic amines. The strong absorption peak at 1212 cm"' was due to interaction of 
NH group of a amylase with Sn-0 group of NPs (Fig 20a). 
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Fig. 19: XRD pattern of Sn02-NPs mediated in methanol. 
XRD pattern of SnOi-NPs was recorded at room temperature using Rigaku 
Miniflex X-ray diffractometer with Cu Ka radiation (/. = 1.54060 A) in 20 
ranging from 20° to 80°. 
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Table 11: Immobilization of a amylase on Sn02-NPs. 
Enzyme 
activity 
loaded 
(X) 
(U) 
Enzyme 
activity in 
washes 
(Y) 
(U) 
Activity bound 
QfSnOz-NPs 
(U) 
Activity yield % 
(B/AxlOO) 
Theoretical Real Effectiveness factor 
(X-Y=A) (B) B/A) = (,/) 
1820 1132 686 621 0.90 90 
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Fig. 20: FT-IR spectra of SnOi-NPs, a amylase and enzyme bound Sn02-NPs. 
FT-IR spectra show (a) SnOa-NPs, (b) a amylase and (c) a amylase bound 
Sn02-NPs. Samples were injected by Hamiet 100 \il syringe in ATR box. 
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4.3.4. TEM analysis 
TEM images of NPs before and after adsorption of enzyme showed that the 
free NPs are nearly spherical with mean diameter of 25 nm (Fig 21a). The particles 
remain same after adsorption of a amylase but mean diameter increased from 25 to 32 
nm (Fig 21b). 
4.3.5. SEM analysis 
The binding of a amylase on SnOi-NFs was further confirmed by SEM analysis 
(Fig 22). The result showed that most of the NPs having uniform structure while some 
particles agglomerate to form bigger clusters (Fig 22a). These fine particles have large 
surface area with significant porosity for the high yield immobilization of enzyme. 
After immobilization NPs became uneven with rough surfaces and covered with 
enzymes (Fig 22b). 
4.3.6. TGA and DTA analysis 
The results of TGA/DTA analysis are shown in Fig 23. TGA curve exhibited 
small weight loss at 125 °C (2.7%) which might be due to removal of water/solvent 
from the surfaces of NPs (Fig 23a). Another weight loss (3.4%) was observed at 600 
"C represents the removal and decomposition of molecules entrapped in the porous 
SnOi matrix. Similarly, a peak in DTA at 275 °C showed the removal of adsorbed 
physical and chemical water and solvent (Fig 23b). Thermal decomposition of SnOa-
NPs was started at higher temperature (300 °C) in air under atmospheric pressure. 
4.3.7. Plasmid nicking assay 
Plasmid nicking assay demonstrate that very less damage was occurred with 
free NPs while enzyme adsorbed SnOi-NPs treated samples have similar band 
intensity to control (Fig 24). 
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Fig. 21: TEM micrographs of free and enzyme bound Sn02-NPs. 
TEM images represent (a) Sn02-NPs and (b) enzyme-bound SnOa-NPs. 
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W Mm-
Fig. 22: SEM micrographs of free and enzyme bound Sn02-NPs. 
Free and a amylase bound SnOi-NPs were coated v-ith Au-Pd to minimize 
surface charging. SEM show (a) free Sn02-NPs and (b) enzyme bound 
Sn02-NPs. 
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Fig. 23: TGA and DTA analysis of Sn02 nanosupport. 
(a) TGA was performed with a Mettler 3000 thermal analyzer using 2 mg 
sample by heating in Ni atmosphere at a rate of 10 °C / min. (b) DTA was 
also carried out in similar heating range by using TA-Q200, DSC. 
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(C) (T.) (T2) 
Fig. 24: Plasmid nicking assay of free and enzyme bound Sn02-NPs. 
Toxicity of NPs before and after adsorption of enzyme was analyzed by 
plasmid nicking assay as given in the text. Supercoiled double stranded 
pUC19 plasmid DNA was used as a control. 
Lane (C) control pUC 19 plasmid DNA 
(Ti) pUC19 plasmid DNA incubated with free Sn02-NPs 
(T2) pUC19 plasmid DNA incubated with a amylase bound Sn02-NPs. 
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4.3.8. Comet assay 
The effect of free and enzyme adsorbed NPs induced DNA breakage in 
lymphocyte nuclei using comet assay are shown in Fig 25A. The results exhibited that 
there was no remarkable DNA damages by free and enzyme bound SnOa-NPs. It is 
also evident from histogram where the tail length used as an indicator for percent 
DNA damages (Fig. 25B). About 95% of lymphocyte cells were present in control 
and NPs treated samples which showed insignificant DNA damages. 
4.3.9. Optimum pH and temperature for the activity of soluble and immobilized 
a amylase 
The influence of pH on activity of soluble and immobilized a amylase was 
measured in pH range of 4.0-8.0 (Fig 26). The optimum-pH for starch hydrolysis was 
found at pH 6.0 for both free and bound enzyme. Ho\vever, the immobilized a 
amylase exhibited a significant broadening in pH-activity profile as compared to free 
enzyme. It retained 61% activity at pH 8.0 while the free enzyme lost more than 60%) 
activity under identical experimental conditions. 
Fig 27 demonstrates temperature-activity profiles for soluble and immobilized 
enzyme. Immobilized a amylase exhibited a shift in temperature-optima from 50 °C to 
55 °C. However, the Sn02-NPs bound a amylase retained 76%o catalytic activity at 70 
°C while the free enzyme exhibited only 47%) activity at this temperature. 
4.3.10. Analysis of starch hydrolyzed product 
TLC analysis showed that the maltose and malto-oligosaccharides were the 
major starch hydrolyzed product. Glucose was produced in minor quantity (Fig 28). 
4.3.11. Reusability 
Fig 29 shows the residual activity of bound enzyme upon subsequent uses. 
The immobilized enzyme holds over 90%) of activity after 4 repeated uses. 
Furthermore, after eight cycles it retained more than 75%) activity. 
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(A) 
Fig. 25: (A) Comet assay of free and a amylase adsorbed Sn02-NPs. 
Quantitative analysis of nuclear DNA damage was performed by comet 
assay as given in the text. The microscopic images show (C) control DNA, 
(Ti) DNA treated with Sn02-NPs and (T2) a amylase adsorbed SnOi-NPs. 
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Fig. 25: (B) Comet assay histogram of free and a amylase adsorbed SnOi-NFs. 
Histograms show (C) control DNA, (Ti) Sn02-NPs induced DNA breakage and 
(T2) enzyme bound Sn02-NPs induced DNA breakage in lymphocyte cells. 
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Fig. 26: pH-activity profiles for soluble and SnOa-NPs bound a amylase. 
The activity of soluble and immobilized a amylase was measured in the 
buffers of various pH (4.0-8.0). The buffers used were sodium acetate (pH 
4.0-5.0), sodium phosphate (6.0-7.0) and Tris-HCl (pH 8.0). Molarity of 
each buffer was 50 mM. The activity at pH 6.0 was taken as control (100%) 
for calculation of remaining percent activity. 
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Fig. 27: Temperature-activity profiles for soluble and SnOi-NPs bound a amylase. 
The activity of soluble and immobilized a amylase was assayed in 50 mM 
sodium phosphate buffer, pH 6.0 at various temperatures (30-80 °C). The 
activity obtained at 50 °C was considered as control (100%) for calculation 
of remaining percent activity for soluble enzyme and the activity found at 
55 °C was considered as control (100%) for the calculation of remaining 
percent activity of immobilized enzyme. 
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Fig. 28: TLC analysis of hydrolyzed starch, 
Lanel: Standards (G: Glucose and M: Maltose) 
Lane 2: Starch hydrolyzed product. 
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Fig. 29: Reusability of SnOj-NPs bound a amylase. 
The reusability of immobilized a amylase was monitored for 8 successive 
days. The activity determined on the first day was taken as control (100%) 
for the calculation of remaining percent activity after each repeated use. 
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4.4. DISCUSSION 
Tin oxide is an important material having properties like high degree of 
transparency in the visible spectrum, potent physical and chemical interactions with 
adsorbed species and strong thermal stability. Sn02-NPs can be synthesized by 
different methods such as sol-gel, hydrothermal, precipitation, carbothermal 
reduction, polymeric precursor and chemical vapor deposition. Among these methods, 
sol-gel method offered several advantages like lower processing temperature, better 
homogeneity, controlled stoichiometry (Wang, 2005; Ibarguen et al., 2007). Metal 
oxide NPs has attracted much attention owing to their remarkable physicochemical 
properties like high surface area and fine chemical and thermal stability as well as 
these NPs bind strongly with chemical compounds, drugs and proteins either by 
covalently or by simple adsorption. Therefore, such NPs have widely been applied for 
the immobilization of array of biomolecules (Luo et al., 2004; Chopra et al., 2007; 
Chen et al., 2008). 
It was found that significant amount of enzyme was adsorbed on NPs surfaces 
with retention of 90% activity (Table 11). It has already been reported that the 
immobilization efficiency was 86% when Bacillus a amylase was immobilized on 
poly-2-hydroxyethyl methacrylate (Arica et al., 1995). Similarly 53% immobilization 
efficiency was observed when diastase a amylase immobilized covalently on 
polyaniline (Ashly et al., 2011). Furthermore, 87% preserved activity was found when 
Penicillium griseofulvum a amylase adsorbed on Celite (Erian et al. 2006). 
It is well documented that properties of broad range of materials are based on 
their surface characteristics. TEM study demonstrates thai the significant amount of 
enzyme was adsorbed on the surface of NPs since the size was increased from 25 nm 
to 32 nm. In an earlier study it has been reported that the size of magnetic Fe304 
nanoparticles was increased when papain conjugated to these nanoparticles (Liang 
and Zhang, 2007). The SEM images further confirmed that substantial amount of a 
amylase was immobilized on SnOa-NPs as the whole surfaces of NPs were covered 
with enzyme molecules (Fig 22). Furthermore, it revealed the smaller NPs were in 
larger population v^hich provides significant surface area and porosity for high yield 
immobilization of a amylase. NPs bound enzyme faces less steric hindrance in 
receiving substrate at its active suite. 
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Genotoxicity is considered as one of the most important toxic endpoints in 
most cliemical toxicity testing. In comet assay, the degree of DNA migration depends 
on its damages in lymphocyte cells (Collins et al, 2008). The comet result 
demonstrates that free NPs may exhibits some toxicity but a amylase adsorbed NPs 
show very little toxicity for lymphocyte cells (Fig 25). The genotoxicity of NPs on 
lymphocyte cells are either by direct interaction of NPs with DNA or indirectly where 
several factors like release of toxic ions from soluble NPs or generation of oxidative 
stress (Moreira et a/., 2009). 
The chromatographic study showed that maltose and malto-oligosaccharides 
were the major starch hydrolyzed products by the action of Bacillus 
amyloliquefaciem a amylase (Fig 28). Demirkan et al. (2005) reported that glucose 
and maltose were produced significantly when starch hydrolyzed with B. suhtilis a 
amylase. Furthermore, glucose was the major product accomplished by the action of 
calcium alginate conjugated Bacillus circulans a amylase (Dey et al., 2003). 
The stability against diverse denaturing agents is an important issue when 
selecting an appropriate enzymatic system for industrial applications. The observed 
higher stability of immobilized a amylase against pH and temperature might be due to 
strong binding of enzyme with nanosupport which prevent the unfolding/denaturation 
of enzyme (Varavinit et al., 2002). It was presumed that the immobilization fix the 
configuration of enzyme which increases tolerance capacity against variable pH 
exposure. It has already been reported that the immobilized enzyme showed 
significant activity at higher temperatures (Ravian et al., 2003; Kumar et al., 2006). 
The stability of immobilized enzyme at higher temperature may be due to its 
restriction to free movement which requires higher activation energy to attain the 
same catalytic activity. Repeated use of enzyme is an important parameter for 
industrial application and economic feasibility. The immobilized a amylase retained 
77% of its initial activity even after eight repeated uses (Fig 29). High activity of 
immobilized enzyme on repeated use was due to structural stabilization thereby 
minimizes the unfolding of the enzyme. So we can conclude that SnOi-NPs based 
material is an excellent support for strong binding of amylases and other molecules. 
Fur1:hermore, the elevated temperature-optima for immobilized a amylase would help 
to overcome problems related to gelatinization of starch during hydrolysis. The 
reactors containing SnOi-NPs adsorbed a amylase could be exploited for the 
hydrolysis of starch in batch as well as in continuous processes. 
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5.1. INTRODUCTION 
Several reports are available for amylase immobilization but only few are 
using nanoparticjes as support. Amylases immobilized on nanoscale materials having 
several advantages like reduced diffusion limitations of substrate and products to the 
active site as well as maximizes functional surface area for significant enzyme 
loading. Furthermore, nanoparticles have higher mobility which influences the 
inherent catalytic activity to the attached enzyme (Mizuki et al, 2010; Ansari and 
Husain, 2011; Husain et al., 2011). 
In recent years various conducting polymers with suitable microenviromTient 
and functional groups have been extensively used for the coupling of proteins and 
other biomolecules. Polyaniline is an important environmentally stable polymer with 
high conductivity and ease of preparation applied extensively in electrochromic 
devices, secondary batteries, catalysis and corrosion protection coatings (Lim et al, 
2002; Huang et al, 2003a). Furthermore, chemically synthesized polyanilines 
exhibited high synthesis yield, stability to extreme temperature and pH, 
biocompatibility and resistance to microbial attacks (Gustafsson et al, 1992; Virji et 
al, 2004). 
hi the present study polyaniline silver nanocomposites (PANI/Ag 
nanocomposites) have been synthesized by the reaction of aniline with Ag colloids 
using ammonium peroxydisulphate as oxidant. The surface morphology of 
nanocomposites with and without enzyme has been characterized through SEM 
analysis. Thermal properties of nanosupport have been examined by TGA and DTA. 
The coupling of enzyme with nanocomposites has been investigated by FT-IR 
spectroscopy. Effects of pH and temperature on the activity of immobilized enzyme 
have been compared to the free enzyme. Reusability of immobilized enzyme has also 
been examined. 
5.2. MATERIALS AND METHODS 
5.2.1. Materials 
a Amylase {Bacillus amyloliquefaciens; EC.3.2.1.1), silver nitrate (AgN03), 
ammonium peroxydisulphate [(NH4)2S208] and aniline were purchased from Sigma 
(St. Louis, MO, USA). Glutaraldehyde was obtained from Thomas Baker Chemical 
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Co. (Mumbai, India). Starch, maltose, glucose and DNS reagent were purchased from 
SRL Chemicals (Mumbai, India). All other chemicals and reagents were of analytical 
grade and used without any further purification. 
5.2.2. Synthesis of PANI/Ag nanocomposites 
PANI/Ag nanocomposites were synthesized by in-situ polymerization of 
aniline with varying concentration (25.0 niL and 50.0 mL) of Ag colloids. The 
ammonium peroxydisulphate [(NH4)2S208] was used as an oxidizing agent. Aniline 
(2.0 niL) was dissolved in 100 mL of 1.0 M HCl in a 250 mL beaker and cooled at 5 
°C. Ammonium peroxydisulphate (2.3 g) was added in 100 mL HCl (1.0 M) along 
with 25 and 50 mL of Ag colloids. The mixture was stirred vigorously for 5 h and 
allowed to cool over night in a refrigerator. The resulting precipitate was filtered, 
washed thoroughly with distilled water and dried at 80 °C. 
5.2.3. Immobilization of a amylase 
The conjugation of a amylase with PANI/Ag nanocomposite was performed 
using glutaraldehyde in a phosphate buffer. The nanocomposites were activated with 
2.5% glutaraldehyde in buffer at 4 °C. Activated nanosupport was washed 
successively with distilled water to remove unbound glutaraldehyde and dried at room 
temperature. These activated nanocomposites (100 mg) were mixed with 10 mL a 
amylase containing 5.0 mg/mL protein in 50 niM phosphate buffer, pH 6.0. The 
reaction mixture was incubated at 25 "C for 2 h under constant stirring conditions. 
After immobilization, enzyme coupled nanocomposites were isolated by 
centrifugation and washed tlirice with distilled water to remove unbound enzyme. The 
procedure of immobilization is schematically shown in Fig 30. 
5.2.4. UV-vis spectroscopy 
The absorption spectra of Ag nanoparticles, PANI and PANI/Ag 
nanocomposite were monitored by UV-vis spectroscopy on Shimadzu dual beam 
spectrometer (Kyoto, Japan) operated at a resolution of 2.0 nm. The spectra were 
recorded in the range of 250-800 nm wavelength. The final spectrum represents an 
average of three independent measurements. 
98 
ON 
ON 
o 
St 
s 
s 
L^^: , 
T3 
>^ 
JS 
0) 2 
• « 
03 
O 
-••rT^T 
# 
• 
O 
a S 
o 
u 
o s 
R 
s 
:< 
l-H 
,2 
"P. 
S 
88 
S 
o 
"5-s 
o 
• * * 
S 
> O 
u 
c 
• • . * 
0 
bX) 
s 
x: 
o 
^ Chapter V 
5.2.5. XRD analysis 
X-RD measurements of PANI and PANI/Ag nanocomposites were performed 
as described in Chapter III, Section 3.2.3. 
5.2.6. TGA and DTA analysis 
TGA and DTA analysis of PANI/Ag nanocomposites were performed 
according to the procedure described in Chapter III, Section 3.2.7. 
5.2.7. SEM analysis 
The surface morphology of the synthesized nanocomposites was done 
according to the procedure described in Chapter IV, Section 4.2.6. 
5.2.8. FT-IR spectroscopy 
Conjugation of enzyme with nanocomposites was examined by the procedure 
described in Chapter II, Section 2.2.4. 
5.2.9. Stability studies of free and immobilized a amylase 
The activity of soluble and immobilized a amylase was assayed in 50 mM 
buffers of different pH. The pH at which enzyme expressed maximum activity was 
considered as control (100%) for the calculation of remaining percent activity for both 
soluble and immobilized a amylase. 
In order to investigate the effect of temperature on the activity of free and 
immobilized enzyme, both preparations were assayed at different temperatures (40-80 
°C). The temperature at which enzyme showed maximum activity was taken as 
control (100%) for the calculation of remaining percent activity for both soluble and 
immiobilized enzyme. 
5.2.10. Hydrolysis of starch in stirred batch process 
Hydrolysis of starch (1.0%, w/v) in batch processes was performed with 
soluble and immobilized a amylase separately in 50 mL flasks having 20 mL reaction 
volume under constant stirring at 150 rpm. The hydrolysis was done at 60 °C for 8 h 
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using 2 U of free and immobilized a amylase mL"' of the soluble starch solution. The 
aliquots were taken at indicated time intervals and the formation of reducing sugar 
was quantitatively determined with DNS reagent (Miller, 1959). A standard curve for 
glucose was prepared by measuring absorbance at 540 nm. 
5.2.11. Reusability of immobilized a amylase 
Immobilized a amylase activity was measured at 60 "C. After each assay, 
enzyme was collected by centrifugation, washed and stored in the same buffer. This 
procedure was repeated for 10 successive days. The activity determined on the first 
day was considered as control (100%) for calculation of remaining percent activity 
after each repeated use. 
5.2.12. Activity assay of free and immobilized a amylase 
The a amylase activity was assayed according to the procedure of Bernfeld 
(1955) with some minor modifications. Appropriately diluted enzyme was added to 
500 |iL gelatinized starch (1.0% w/v) solution. After incubation at optimum 
temperature for 10 min in a shaking water bath, the reaction was stopped by adding 
1.0 niL DNS reagent. The tubes were kept in a boiling water for 5 min to develop 
colour. After cooling, 2.0 niL distilled water was added and finally absorbance was 
measured at 540 nm.. 
One unit (1.0 U) of a amylase activity is defined as the amount of enzyme that 
liberates 1.0 mM of mahose per min under standard assay condifions. A standard 
curve of absorbance against the amount of maltose was prepared. 
5.2.13. Estimation of protein 
Protein concentration was determined by the procedure described in Chapter 
II, Section 2.2.13. 
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5.3. RERULTS 
5.3.1. XRD analysis 
Fig 31 shows the XRD patterns of polyaniline fiber and PANI/Ag 
nanocomposites with different concentrations of Ag nanoparticles. PANI fibers 
exhibited weak and broad peaks which demonstrate its amorphous structure. A peak 
at 20=25° was observed in all spectra attributed to periodicit> parallel to the polymer 
chain. Some sharp peaks were found at 20=38°, 44°, 64° and 77° corresponding 
respectively to (111), (200), (220) and (311) of silver planes which coincide well with 
the literature JCPDS values (JCPDS No. 04-0783). 
5.3.2. UV-vis spectroscopy 
UV-visible absorption spectra of Ag nanoparticles, PANI and PANI/Ag 
nanocomposites are shown in Fig 32. The strong surface plasmon absorbance spectra 
of silver nanoparticles and PANI were observed at 393 nm and 329 nm, respectively 
(Fig 32a & 32b). The absorbance intensity of Ag nanoparticles in the presence of 
PANI was shifted from 393 nm to 335 nm (Fig. 32c). 
5.3.3. TGA and DTA analysis 
Thermoanalytical techniques, such as TGA and DTA were used to investigate 
thermal properties of PANI/Ag nanocomposites (Fig 33). Two main inflection regions 
were observed in TGA, first at lower temperatures (<250 °C) corresponding the 
removal of bound water and organic molecules. The second region was found at 
higher temperature (>500 °C) attributed the degradation of polyaniline (Fig 33a). The 
DTA analysis similarly displayed an endothermic peak at 200 to 250 °C which might 
be due to loss of conjugated water from nanocomposites. The second peak was 
obtained at 300 °C shows degradation of PANI (Fig 33b). 
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2e° 
Fig. 31: XRD pattern of PANI and PANI/Ag nanocomposites. 
XRD spectra show (a) PANI and (b & c) PANI/Ag nanocomposites. 
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Wavelength (nm) 
Fig. 32: UV-vis spectra of Ag nanoparticles, PANI and PANI/Ag nanocomposites. 
UV-vis spectra show (a) Ag nanoparticles, (b) PANI and (c) PANI/Ag 
nanocomposites. 
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Fig. 33: TGA and DTA analysis of PANI/Ag nanocomposites. 
(a) TGA and (b) DTA of nanocomposites were perfonned using 2 mg 
sample by heating in N2 atmosphere at a rate of 10 °C / min. 
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5.3.4. Covalent conjugation of a amylase with PANI/Ag nanocomposites 
Bacillus amyloliquefaciens a amylase was covalently immobilized on glutaraldehyde 
activated PANI/Ag nanocomposite. The result showed that nanocomposite bound a 
amylase exhibited 83% of the initial enzyme activity (Table 12). 
5.3.5. FT-IR spectroscopy 
FT-IR analysis was done to investigate the binding of a amylase with 
PANI/Ag nanocomposites (Fig 34). The characteristic peaKS at 2881 cm"' and 3486 
cm"' represent the symmetric stretching of CH2 group. The binding of PANI with 
glutaraldehyde was expressed by the bands at 1296 cm"' and 1502 cm" which 
appeared due to deformational vibration of CH2 or CH groups of glutaraldehyde. Peak 
at 1402 cm"' corresponds to C=0 group of glutaraldehyde (Fig 34a). Fig 34b shows 
characteristic peaks of a amylase. Bands at 1108 cm"' and 1039 cm"' represents the 
stretching vibration of C-N group while peaks at 2359 cm"' and 1415 cm"' are related 
to COO" and aromatic amino groups, respectively. Broad peak at 3354 cm" signify the 
stretching vibration of OH group while peak at 1652 cm"' denotes the bending 
vibration of primary amine group of protein (Fig 34b). Bioadening in peak at 3393 
cm"' and the formation of new peak at 2930 cm"' corresponds to the linkage of free 
COO" group of a amylase with NH group of PANI (Fig 34c). The bands appeared in 
the region of 1042 cm"' to 1049 cm"' correspond to amide II and III and CHO groups 
(Fig 34c). 
5.3.6. SEM analysis 
Fig 35 demonstrates scanning micrographs of PANI/Ag nanocomposite before 
and after conjugation with a amylase. The result showed that nanocomposites have 
porous structure for binding of significant amount of enzyme (Fig 35a). After 
immobilization, the surface morphology of corresponding SEM image was changed 
since the surface of the support was completely covered by enzyme (Fig 35b). 
106 
Chapter V 
Table 12: Binding of a amylase with PANI/Ag nanocomposites. 
Enzyme 
activity 
loaded 
(X) 
(U) 
Enzyme 
activity in 
washes 
(Y) 
(U) 
Activity bound to 
Nanocomposites 
(U) 
Activity yield % 
(B/AxlOO) 
Theoretical Actual Effectiveness factor 
(X-Y=A) (B) B/A) = (;/) 
1130 750 379 314 0.828 83 
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Fig. 34;: FT-IR spectroscopy of PANI, a amylase and enzyme bound PANI/Ag 
nanocomposites. 
FT-IR spectra show (a) PANI, (b) a amylase and (c) enzyme bound 
PANI/Ag nanocomposites. 
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Fig. 35: SEM micrographs of PANI/Ag nanocomposites and enzyme bound 
PANI/Ag nanocomposites. 
The free and enzyme conjugated nanocomposites were coated with Au-Pd to 
minimize surface charging. The samples were observed at 20 kV 
accelerating voltage. SEM show (a) PANI/Ag nanocomposites and (b) 
enzyme bound PANI/Ag nanocomposites. 
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5.3.7. Effects of pH and temperature on the activity of a amylase 
Both soluble and immobilized a amylase preparations exhibit same pH-
optima, pH 6.0 (Fig 36). However, immobilized enzyme retained significantly higher 
catalytic activity at alkaline sides as compared to free a amylase. 
Fig 37 shows the effect of different temperatures on the activity of soluble and 
nanocomposite bound a amylase. The maximum catalytic activity was found at 50 °C 
for free enzyme and 60 °C for immobilized enzyme; however, as the temperature 
increases, the stability of free enzyme reduces rapidly compared to immobilized 
enzyme. Soluble enzyme retained a marginal activity of 28% at 80 °C whereas the 
immobilized enzymes exhibited more than half of its activity 
5.3.8, Hydrolysis of starch in batch process 
Fig 38 summarizes the hydrolysis of starch by soluble and immobilized a 
amylase for varying times at 60 °C. The result showed that free a amylase liberates 
14.5 mg mL'' reducing sugar after 4 h while it limited to only 8.49 mg mL"' for 
immobilized enzyme. Furthermore, the highest reducing sugars liberated by the 
immobilized enzyme were 27.5 mg niL'' in 8 h incubation while free enzyme 
produces only 21.6 mg mL"' under identical time interval. 
5.3.9. Reusability 
Reusability experiment showed that the nanocomposites bound a amylase 
retained more than 90% activity even after itslO"' repeated uses (Fig 39). 
5.4. DISCUSSION 
The success of immobilization depends on the binding capacity of enzyme to 
the matrix. Polyaniline shows excellent property for the immobilization of enzymes 
because it has numbers of free NH2 groups at the end of each polyaniline chain which 
can bind to the CHO groups of glutaraldehyde and proteins (Silva et ai, 2005; Neri e( 
al, 2009b). Glutaraldehyde is a bifunctional compound which is used for chemical 
modifications of proteins and polymers (Mateo et al, 2007). It is acting as spacer 
molecule since it binds both a amylase and polyaniline. These bonding reinforce the 
compact tertiary structures in protein which results into stabilization of proteins 
against pH and chemical inactivation. 
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Fig. 36: pH-activity profiles for soluble and nanocomposites bound a amylase. 
The activity of soluble and immobilized a amylase was measured in the 
buffers (50 niM) of various pH (pH 4.0-8.0). The activity obtained at pH 6.0 
was taken as control for the calculation of remaining percent activity for 
both enzyme preparations. 
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Fig. 37: Temperature-activity profiles for soluble and nanocomposites bound a 
amylase. 
The activity for soluble and immobilized a amylase was assayed at various 
temperatures (40-80 °C). The enzyme activity at 50 °C and 60 °C were taken 
control for calculation of remaining percent activity for free and 
immobilized a amylase, respectively. 
112 
Chapter V 
1 2 3 4 5 6 7 8 
Hydrolysis time (h) 
Fig. 38: Hydrolysis of starch in batch processes by soluble and nanocomposites 
bound a amylase. 
Starch (1.0%, w/v) was hydrolyzed by (2.0 U/mL) soluble and immobilized a 
amylase in batch processes at 60 "C for varying times. 
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Fig. 39: Reusability of nanocomposites bound a amylase. 
The reusability of immobilized a amylase was monitored for 10 successive 
days. The preparation was taken in triplicates and assayed for remaining 
percent activity. The activity determined on the first day was taken as 
control (100%) for calculation of remaining percent activity after each 
repeated use. 
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In the present study, PANI/Ag nanocomposites were successfully synthesized 
by in situ polymerization of aniline and used as support for covalent coupling of a 
amylase. Immobilized enzyme retained 83% of the initial enzyme activity (Table 12). 
It has previously been reported that type VI-B porcine pancreatic a amylase preserved 
61.5% activity when covalently immobilized on an activated poly (dimer acid-co-
alkyl polyamine) support (Hasirci et al., 2006). In another study, the preserved 
enzyme activity for a amylase was 80% when immobilized on carbodiimide activated 
poly (methyl methacrylate-acrylic acid) polyaniline. However, 67% activity was 
retained when the same support was activated by thionyl chloride (Aksoy et al., 
1998). 
XRD analysis demonstrates that the surfaces of Ag nanoparticle were 
significantly covered with polymer since the intensity peak at 29=25° was decreased 
(Fig 31). The characteristic peaks of Ag nanoparticles in PANI/Ag nanocomposites 
coincide well with the literature values, JCPDS No. 04-0783 (Gao et al., 2005). UV-
visible spectroscopic study showed that pure silver has maximum absorbance at 393 
nm which is decreased to 335 nm in the presence PANI (Fig 32). This change was due 
to covering of nanoparticles with PANI which may alter the characteristic absorption 
of Ag. It has previously been reported that the surface plasmon absorbance band of 
silver nanoparticle had decreased when coated with triponium (Huang and Murray, 
2003b). The plasmon absorbance of nanoparticles depends on its size, shape, material 
properties, surrounding media and proximity to other nanoparticles (Mirkin, 2000). 
The conjugation of PANI with glutaraldehyde was evidenced by the peaks at 
1296 cm"' and 1502 cm'' which seems due to deformational vibration of CH2 or CH 
group of glutaraldehyde (Margel and Rembaum, 1980). The broadening in peak at 
3393 cm"' and the formation of new peak at 2930 cm"' coixesponds to the linkage of 
free COO" group of a amylase with NH group of polyaniline (Pathmamanoharan et 
al, 2003). 
Thermal resistance and endurance of the nanocomposites were investigated by 
TGA and DTA analysis (Fig 33). It has remarkable stability since the degradation of 
PANI was observed at higher temperature (>500 °C). Similar result was given by Li et 
al (2003) for composite of polyaniline encapsulating titania. In DTA analysis, the 
endothermic peak at 250 °C represents the removal of retained solvent from xerogel 
while the peak obtained above 300 °C was associated to the degradation of PANI 
(Schnitzler et al, 2003). These results indicate that strong interactions were exists at 
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the interface of PANI and Ag nanoparticles which may wealcen the inter-chains 
interaction in PANI, leads to its thermal degradation. 
Enzymes are very delicate molecules and may undergo denaturation when 
exposed to aberrant environment. The result showed that pH-optima (pH 6.0) was 
same for both free and immobilized a amylase but the pH-dependent activity profile 
for the immobilized enzyme was considerably expanded towards alkaline side (Fig 
36). Higher activity of immobilized enzyme towards alkaline region is might be due 
to the covalent attachment of enzyme with PANI/Ag nanocomposite as well as 
diffusional limitations of substrates to the active site. The pH-dependent activity was 
observed when pancreatic a amylase immobilized onto reactive membrane 
(Bayramoglu et ai, 2004). In another study the optimum activity of Bacillus 
licheniformis a amylase was higher at acidic pH when immobilized on poly (vinyl 
alcohol)-coated perfluoropolymer supports (Yang and Chase, 1998). 
Thermal stability of the enzymes is one of the most important criteria with 
regard to their applications. Thermostable a amylases are used extensively in starch 
processing industry since gelatinization and liquefaction steps can be eliminated at 
higher temperatures. In this study the temperature-optima of immobilized a amylase 
was 10 °C higher than its soluble counterpart (Fig 37). The increment in optimum-
temperature for nanocomposites conjugated a amylase v/as due to change in the 
conformational integrity of the enzyme through covalent bond formation with amino 
groups of the support. These changes lead to an increase in the activation energy of 
the enzyme to reorganize an optimum conformation for binding to its substrate. 
Similar results were obtained for N-(4-sodiumsulfophenyl)-maleimide immobilized 
porcine pancreatic a amylase which showed maximum activity at 50 °C (Yarar and 
Kahraman, 2009). Moreover, a amylase from Bacillus subtilis immobilized on 
chitosan results in an enhancement of operating temperature (Abd El-Ghaffar and 
Hashem, 2009). 
Starch is an important biopolymer used in many industries as 
feedstock material. The hydrolyzed product of starch namely glucose, maltose, 
maltodextrins and high maltose and fructose syrups are widely used in food and 
pharmaceutical industry. Here an attempt has been made to hydrolyze starch in batch 
processes by employing free and immobilized a amylase (Fig 38). The result showed 
that the hydrolysis efficiency was more with free a amylase for the first few hours but 
with increasing incubation time the hydrolyzing efficiency got decreased more rapidly 
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than immobilized enzyme. This was due to the fact that soluble enzyme was more 
accessible for substrate due to the diffusional limitation of starch to the active site of 
immobilized enzyme but after prolong incubation of free enzyme resulted into 
denaturation or inhibition by its own products. 
In order to minimize cost of processes, use of expensive enzyme required its 
recovery and reusability. Immobilization permitted ease of removal and reuse of the 
enzyme and thus lowered the cost of the system. The preserved activity of 
immobilized a amylase was more than 90% even after its 10 repeated uses. Hence, 
this immobilized enzyme preparation provided a cost effective advantage for its 
exploitation in an economically viable enzyme catalyzed process. 
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Amylases are the most important industrial enzymes catalyzing the hydrolysis 
of starch, glycogen and related polysaccharide molecules in to diverse products like 
dextrins and progressively smaller polymers composed of glucose. These enzymes 
have great significance in food, pharmaceutical textile, paper, detergent, and 
fermentation industries. Amylases are found in bacteria, fungi, plants, animals as well 
as in human being and playing dominant role in carbohydrate metabolism. In humans, 
a amylases are the major secretory products from the pancreas and salivary glands. 
These enzymes are important indicators of pancreatitis and salivary gland disorders. 
The properties of amylases such as specificity, thermostability, reusability and storage 
stability are important in context of their industrial applicaiions. In the present study, 
plant, animal and microbial amylases have been immobilized on macro and 
nanosupport. The properties of immobilized enzyme preparations have been 
compared with soluble enzymes against various physical and chemical denaturants. 
Both the soluble and immobilized enzyme preparations were also subjected to the 
hydrolysis of starch in batch processes. 
A simple and stable procedure for the immobilization of Ipomoea batata 
(Sweet potato) P amylase was developed. The process cost was minimized by 
adsorption of acetone fractionated P amylase on an inorganic support, Celite-545. 
Interactions between Celite-545 and enzyme were confirmed by Fourier transform 
infrared spectroscopy (FT-IR) and atomic force microscopy (AFM). The adsorbed 
enzyme exhibited an activity yield of 244 U g'' of the matrix with effectiveness factor 
">/' 0.83. Enzyme was so strongly adsorbed to the support that it did not detach even 
in the presence of 1.0 M NaCl. Both the soluble and immobilized P amylase exhibited 
same pH-optima while temperature-optimum for immobilized enzyme was shifted 
from 50 °C to 60 *'C. Immobilized p amylase was superior in hydrolyzing starch in 
batch processes as compared to free enzyme. It hydrolyzed. starch to 88% and 96% at 
40 "C and 50 "C respectively whereas soluble enzyme had hydrolyzed only 83% and 
80% of the starch under the similar experimental conditions. The immobilized p 
amylase retained 84% original activity after 30 days storage at 4 °C while soluble 
enzyme showed only 41% activity. Immobilized P amylase retained 79% activity even 
after its seventh repeated use. 
Several new types of carrier and technology have been implemented in the 
recent past to improve traditional enzyme immobilization which aims to enhance 
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activity, stability and enzyme loadings in order to decrease the cost of enzyme in 
industrial processes. Nanostructured materials have been found to be of great potential 
to serve as superior enzyme supports due to their large surface-to-volume ratios as 
compared to conventional macro-scale materials. In particular, use of magnetic 
nanoparticles as a support for immobilized enzymes has achieved great increasing 
attraction due to higher specific surface area, lower mass transfer resistance and 
selective separation of immobilized enzymes in external magnetic field. 
In view of this porcine pancreatic a amylase was immobilized on sol-gel 
synthesized magnetic FeiO^ nanoparticles in order to hydrolyze starch. The activity 
yield of nanoparticle bound enzyme was 94%. The X-ray diffraction (XRD) and AFM 
analysis showed that the prepared matrix has advantageous microenvironment and 
large surface area for the binding of significant amount of protein. Functional groups 
present in the soluble and immobilized enzyme was monitored by FT-IR 
spectroscopy. Immobilized enzyme exhibits lower pH-optimum (pH 6.0) than their 
soluble counterpart (pH 7.0) while temperature-optimum was shifted from 40 °C 
towards higher temperature (50 "C). Immobilized enzyme was found significantly 
more resistant to the inactivation caused by various metal ions and chemical 
denaturants since the relative activity of immobilized a amylase was higher than 
soluble enzyme in the presence of NaCl, KCl, CaCb, and C0CI2. Immobilized a 
amylase hydrolyzed 92% starch in batch processes after 8 h incubation at 40 °C while 
the free enzyme had hydrolyzed only 73% starch under similar experimental 
conditions. Reusability experiment demonstrated that immobilized enzyme retained 
83% of original activity even after eight repeated use. 
The coupling of proteins with nanoparticles depends on surface charges, 
hydrophobicity and intrinsic stability of protein as well as characteristics of particles. 
Generally metallic nanoparticles have high isoelectric point which are suitable for the 
absorption of proteins of lower isoelectric point since protein immobilization is 
primarily driven by electrostatic interaction. 
In further study a amylase from Bacillus amyloliquefaciens was immobilized 
on sol-gel synthesized tin oxide nanoparticles (Sn02-NPs) and found that NPs bound 
enzyme preserved 90% activity. Thermogravimetric analysis (TGA) of nanosupport 
exhibited 3.4% weight loss at 600 °C whereas its thermal decomposition was 
observed at higher than 300 °C with differential thermal analysis (DTA). Size and 
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surface morphology of free and enzyme adsorbed SnOi-NPs were evaluated by TEM 
and SEM analysis. The toxicity of nanosupport was aiialyzed by pUC19 plasmid 
nicking and comet assays and found that no significant change in the band intensity of 
plasmid upon its treatment with free and enzyme bound NPs. Furthermore, the tail 
length of comet for the free and enzyme bound NPs were also insignificant as 
compared to the control, suggesting that the modified support did not induce any 
remarkable DNA damage. Thus, the selection of SnOi-NPs for a amylase 
immobilization turned out to be a stable and non-toxic enzyme-matrix interaction 
system. 
The pH-optima for both the soluble and immobilized enzyme was same, pH 
6.0 while temperature-optima for immobilized a amylase was 5 °C higher than its 
soluble counterpart. Immobilized enzyme retained 77% activity even after its eight 
repeated use. Thin layer chromatic analysis depicted that maltose and malto-
oligosaccharides were the major starch hydrolyzed products. 
In the last part of the study, polyaniline assisted Ag nanocomposites 
(PANI/Ag nanocomposites) were synthesized by in-situ polymerization of aniline 
with varying concentrations of Ag colloids using ammonium peroxydisulfate as 
oxidant. These nanocomposites were used as a support for the covalent conjugation of 
Bacillus amyloliquefaciens a amylase which revealed that the nanocomposites bound 
enzyme exhibited 83% of the initial enzyme activity. X-ray diffraction (XRD) study 
showed that the crystalline nature of nanocomposhes increased with increasing 
concentration of Ag nanoparticles. TGA and DTA analysis demonstrate that the 
nanocomposites have excellent thermal stability since the degradation PANI occurred 
at 300 °C. SEM micrographs showed that Ag nanoparticles were homogeneously 
dispersed in polyaniline film providing large surface area and porous 
microenvironment for enzyme loading. FT-IR spectroscopy confirmed the 
conjugation of a amylase to the functionalized nanocomposites. Soluble and 
immobilized a amylase showed the same pH-optima at pH 6.0. However, 
immobilized enzyme preparations exhibited a significant broadening in pH-activity 
profiles as compared to free a amylase. The temperature-optimum was shifted from 
50 °C to 60 °C for immobilized enzyme. 
Immobilized a amylase showed greater degree of starch hydrolysis in batch 
process at 60 °C as compared to free enzyme. It was observed that immobilized 
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enzyme librated 27.5 mg mL"' of reducing sugars from starch in 8 h while free 
enzyme liberated only 21.6 mg mL"' reducing sugars under identical experimental 
conditions. 
These studies show that immobilization is an important technique for 
continuous and repeated use of enzymes for industrial application with economic 
feasibility. Utility of the method can be further extended in the development of 
nanoparticle based drug delivery for the treatment of various amylase and other 
enzyme related disorders. Easy synthesis, excellent pH and temperature stability, non-
toxic nature and greater specificity for proteins make these preparations valuable to 
apply in food, pharmaceutical, paper, textile and other industries. 
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Abstract 
Proteins adsorbed on nanoparticles (NPs) are being used in biotechnology, biosensors and drug 
delivery. However, understanding the effect of NPs on the structure of proteins is still in a 
nascent state. In the present paper tin oxide (Sn02) NPs were synthesized by the reaction of 
SnCU-SHiO in methanol via the sol-gel method and characterized by x-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FT-IR) and transmission electron microscopy (TEM). 
The binding of these Sn02-NPs with a-amylase was investigated by using UV-vis, 
fluorescence and circular dichroism (CD) spectroscopic techniques. A strong quenching of 
tryptophan fluorescence intensity in a-amylase was observed due to formation of a ground slate 
complex with SnOi-NPs. Far-UV CD spectra showed that the secondary structure of 
a-amylase was changed in the presence of NPs. The Michaelis-Menten constant (A',,,), was 
found to be 26.96 and 28.45 mg ml"', while V^^ was 4.173 and 3.116 mg ml ' min ' for free 
and NP-bound enzyme, respectively. 
1. Introduction used bacterial a-amylases for industrial purposes are derived 
from Bacillus species L ]• These enzymes have been 
a-Amylases (alternative names 1,4-a-D-glucan glucanohydro- characterized from a wide variety of organisms and almost all 
lase, glycogenase, B.C.3.2.1.1) are endo-acting enzymes which of them have a similar structure and catalytic mechanism [ , ]. 
belong to the glycoside hydrolase family I3(GHI3)[ ]. These j^f. interaction of enzymes with ligands offered stim-
enzymes catalyze random hydrolysis of a-l,4-glycosidic yi^ting opportunities for a wide variety of applications in 
bonds in amylose, amylopectin and related polysaccharides t^ g flgij of biotechnology and medicine [ ]. Generally 
to low molecular weight products such as dextrins, maltose proteins undergo structural changes when interacting with 
and glucose molecules [ , ]. a-Amylases are very important ijgands. Metal oxide NPs serves as novel candidates for 
commercial enzymes with a number of applications including jj,g binding of protein due to their large surface-to-volume 
their use in food, paper, detergent, pharmaceutical and textile ^^^-^^ ^-^^ biocompatibili:y, non-toxicity, chemical stability 
industries [ ]. Although a-amylases can be derived from ^^^ ^^^^ of preparation [ , ]. Adsorption of proteins on 
various sources, their industrial demand has been satisfied by ^^^-^ ^ ^^^.^^^^ j^^ ^^gjy ^^p^^^j, ^^ ^^^ ^ j^y^e of the protein 
microbial and recombinant enzymes. The most abundantly ^^^ ^^^f^^^ geometry and physicochemical characteristics of 
-t Address for Correspondence: Faculty of Applied Medical Science, Jazan the solid surface. Binding of enzymes direcUy on the naked 
University. Jazan, Post Box-:i092, Kingdom of Saudi Arabia. surface of bulk materials may result in their denaturation and 
0957-4484/1 l/455708-h07$.1,100 1 © 2011 IOPPi,blishing Ltd Printed in the UK c& the USA 
Nanotechnology 22 (20i I) 455708 M J Khan et al 
loss of activity. However, enzymes adsorbed onto NP surfaces 
retained their activity due their biocompatible nature [13, 14]. 
Various specific and nonspecific interactions such as elec-
trostatic, hydrogen bonding and hydrophobic interactions are 
involved in the adsorption of protein on NP surfaces which 
affect the structure and stability of proteins [ I >, 1 fi]. 
The present study is focused on the interaction of a-
amylase with tin oxide NPs. Enzyme adsorbed NPs were 
characterized by x-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FT-IR) and transmission electron 
microscopy (TEM). Structural changes in enzymes after 
binding with NPs were analyzed by UV-vis, fluorescence and 
circular dichroism (CD) spectroscopy. Kinetic parameters of 
free and NP-bound enzyme were also evaluated. 
2. Materials and methods 
2.1. Materials 
ff-Amylase (from Bacillus amyloliquefaciens, EC.3.2.).i) and 
tin tetrachloride pentahydrate (SnCU-SHaO) were purchased 
from Sigma-Aldrich Co. (USA). Starch, maltose, glucose 
and 3,5-dinitro-salicylic acid (DNS) were obtained from SRL 
Chemicals (Mumbai, India). All other chemicals and reagents 
were of analytical grade and used without further purification. 
All the experiments were performed in 50 mM sodium 
phosphate buffer, pH 6.0 except where specified. The con-
centration of protein was determined spectrophotometrically 
using £^g)„„ = 2.493 on a Shimadzu UV-1700 UV-vis 
Spectrophotometer and alternatively by a protein-dye binding 
method [I""]. 
2.2. Synthesis of nanoparticles 
Tin oxide NPs were synthesized by the sol-gel method 
according the procedure described Adnan et al with some 
modifications [l^]. The sol solution was prepared by 
dissolving 3.0 g of SnCU-SHjO in 100 ml methanol (CH3OH) 
under vigorous stirring. Aqueous ammonia solution (4.0 ml) 
was added drop wise to the above solution under similar 
experimental conditions. The resulting gel was filtered and 
washed with methanol to remove impurities and dried over 
80 °C for 5 h in order to remove water. Finally, the dried 
gel powder was calcined at 400 °C for 2 h which resulted into 
formation of SnOi-NPs. 
2.3. Enzyme-nanopanicle interaction studies 
A stock solution of protein (5.0 mM) was prepared in 50 mM 
sodium phosphate buffer, pH 6.0 and diluted with the same 
buffer as necessary. ITie a-amylase concentration was kept 
constant at 24.4 /uM, 7.0 jiM. and 5.0 /xM, respectively, 
for UV-vis, CD and fluorescence measurements, while the 
concentration of sol-gel synthesized SnOa-NPs was varied 
from 0.2 to 1.0 mM. The reaction mixture was equilibrated 
for the optimal incubation time at 25 °C for 1 h. Subsequently, 
UV-vis absorption, fluorescence and CD spectra of the solution 
were recorded to monitor the interaction between cc-amylase 
and NPs. 
2.4. Physical characterization of NPs 
The interactions of enzyme with NPs were investigated by FT-
IR analysis on an INTERSPEC 2020 (USA) in the range of 
400-4000 cm '. The calibration was done with polystyrene 
film. The samples were injected with a Hamiet 100 /.tl syringe 
into the attenuated total reflectance (ATR) box. The syringe 
was first washed with acetone followed by distilled water. 
The morphology and size of the Sn02-NPs with and without 
conjugated a-amylase was observed with a JEOL JEM-2100F 
transmission electron microscope with an accelerating voltage 
of 200 kV. Samples for TEM analysis were prepared by drop-
coating diluted NP solution on carbon-coated copper grids 
at normal atmospheric conditions. XRD analysis of NPs 
was done with a Rigaku Miniflex x-ray diffractometer, using 
a monochromatized x-ray beam with nickel-filtered Cu Ka 
radiation. The diffraction angle was set at between 20° and 
80°. The crystalline size was determined from corresponding 
x-ray spectral peaks by the Debye-Scherrer formula: 
£) = 0.9A/Bcosy (1) 
where k is the x-ray wavelength (1.54060 A), B is the 
full width at half-maximum of Sn02(l 10) line and 0 is the 
diffraction angle. 
2.5. UV-vis, fluorescence and CD spectroscopy 
Absorbance measurements were carried out with Shimadzu 
UV-1700 spectrometer operated at a resolution of 2.0 nm 
(Shimadzu, Kyoto, Japan) Enzyme concentration was kept 
constant at 24.4 /xM in each reaction mixture while the NP 
concentration varied from 0.2 to 1.0 mM. Unless otherwise 
stated, the UV-vis spectra v/ere recorded in a wavelength range 
of 250-350 nm. For sample measurements, the baseline was 
always set with a relevant blank. The final spectrum is an 
average of three independent measurements. 
Fluorescence analyses were performed on a Shimadzu 
Spectrofluorophotometer (RF-5301) equipped with a DR-3 
data recorder. The fluorescence spectra were measured at 
25 ± 0.10°C with a 1.0 cm path length. Both excitation and 
emission slits were set at 5.0 nm. The intrinsic fluorescence 
of a protein sample was measured by exciting at 280 nm and 
emission spectra were recorded in the range of 300-500 nm. 
The CD measurements were carried out on Jasco Spectro-
polarimeter (J-720). The instrument was calibrated with ^-10-
camphorsulfonic acid. All the CD measurements were carried 
out at 25 °C using a thermostatically controlled cell holder 
attached to a Neslab RTE-110 water bath with an accuracy 
of 0.10°C. Far-UV CD spectra were measured at a protein 
concentration of 7.0 pM. The path length of the cell was 
1.0 mm. 
Mean residue ellipticity (MRE) = Oobili^^ xn xl xcp) (2) 
where 0obs is the CD in miK idegrees, A' is the number of amino 
acid residues (483), / is the path length of the cell and Cp is the 
mole fraction. The % cc-helical content was calculated from 
the MRE values at 222 nm using the following equation as 
described by Chen et al [1"J. 
% a-helix = (MRE::22 nm - 2340/30300) x 100. (3) 
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Figure 1. XRD pattern ofSnOi-NPs mediated in methanol. The 
x-ray diffraction pattern of Sn02-NPs was recorded at room 
temperature using a Rigaku Miniflex x-ray diffractometer with 
Cu Ka radiation (A. = 1.54060 A) in 20 ranging from 20° to 80°. 
2.6. Assay of a-amylase activity 
a-Amylase activity was determined according to the procedure 
of Bernfeld et al with some modifications [20]. Appropriately 
diluted enzyme was added to 500 //I of gelatinized starch (1%) 
solution. After incubation at 50 °C for 10 min in a shaking 
water bath, the reaction was stopped by adding 1.0 ml of DNS 
reagent. The tubes were kept in boiling water for 5 min to 
develop color. After cooling, 1.0 ml distilled water was added 
and finally absorbance was recorded at 540 nm. 
One unit (1.0 U) of a-amylase activity is defined as 
the amount of enzyme that liberates 1.0 mM of maltose 
min"' under standard assay conditions. A standard curve 
of absorbance against amount of maltose was prepared to 
calculate the amount of maltose relea.sed during the assay. 
2.7. Statistical analysis 
Each value represents the mean for three independent 
experiments performed in duplicate, with average SD of <5%. 
Data were analyzed by one-way ANOVA and p-values < 0.05 
were considered statistically significant. 
3. Results and discussion 
3.1. Biophysical characterization of free and enzyme bound 
SnOa-NPs 
Among various methods for chemical synthesis of nanoma-
terials, the sol-gel process offered several advantages like 
lower processing temperatjre, better homogeneity, controlled 
stoichiometry and flexibihty of forming nanoparticles. Metal 
oxide NPs have attracted much attention owing to their 
remarkable physicochemical properties like high surface area, 
high electrical conductivity, good chemical stability and 
significant mechanical strength, therefore these NPs have 
been widely applied for the immobilization of wide range of 
biomolecules [21 l^]. 
Figure I shows XRD patterns of Sn02-NPs calcined at 
400 °C for 2 h using methanol as a solvent. Samples exhibited 
a wide diffraction peak at the same position, which can be 
indexed to the tetragonal structure of Sn02-NPs (JCPDS no. 
88-0287). The XRD diffractogram showed broad peaks at 29 
of 27°, 34°, and 53° which correspond to the diffraction of 
110, 101 and 211 planes of Sn02 crystal, respectively. The 
size of the nanocrystals vt'as calculated by using Scherrer's 
equation (I). Based on the full width at half-maximum of the 
110 diffraction plane, the average crystallite size of Sn02-NPs 
was found to be II .2 nm. 
The binding of a-amylase with Sn02-NPs was confirmed 
by FT-IR analysis. Figure 2 shows the IR spectra of NPs, a-
amylase and enzyme-bound NPs. The intense and broad peak 
(b) 
(a) 
Figure 2. FT-IR spectra of Sn02-NPs, ff-amylase and enzyme-bound SnOj-NPs. FT-IR spectra of Sn()2-NPs (a), a-amylase (b) and 
enzyme-bound SnOi-NPs (c) were monitored with an INTERSPEC 2020 (USA). The calibration was done with polystyrene film. The syringe 
was first washed with acetone followed by distilled water. The samples were injected into the ATR bo;c by a Hamiet 100 /xl syringe. 
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Figure 4. UV-vis absorption spectra of a-amylase in the presence of 
Sn02-NPs. A fixed concentration of tf-amylase (24.4 fiM) was 
mixed with varying concentrations of SnOi-NPs and their spectra 
were recorded in tie UV-visible region. 
Figure 3. TEM images of SnO -^NPs (A) and enzyme-bound 
SnOi-NPs (B) were recorded with a JEOL JEM-2100F transmission 
electron microscope with an accelerating voltage of 200 kV. 
at 3346 cm ' and 1638 cm"' (figure 2(a)) can be attributed 
to the 0-H vibration of methanol and water absorbed on the 
sample surface [24], The metal oxide exhibited a peak at 
554 cm"' which could be assigned due to stretching vibration 
of the Sn-0 framework (figures 2(a) and (c)). The band 
intensity of protein at 1643 cm"' showed the bending vibration 
of the N-H group which decreased (4.0 units) after adsorption 
of enzyme on the NP surface (figures 2(b) and (c)). Other 
characteristic bands at 1110 and 1036 cm"' could be due to 
the stretching and bending vibrations of aliphatic amines. The 
strong absorption peak at 1212 cm"' (figure 2(a)) was due to 
interaction of the NH group of a-amylase with the Sn-0 group 
ofNPs [25,26]. 
TEM images of NPs before and after conjugation with 
enzyme further support the binding of a-amylase with SnOa-
NPs. Figure 3iA.) shows an electron micrograph of free NPs 
at a magnification of 50000x, and it is revealed that nearly 
spherical Sn02-NPs with a mean diameter of 25 nm of are 
distributed uniformly with some aggregation due overlapping 
of some bigger particles with the smaller particles. The 
NPs remain spherical after adsorption of enzyme but the 
mean diameter increased from 25 to 32 nm (figure 3(B)). 
This suggests that the conjugation process did not change the 
morphology of the NPs while the size has increased. This 
might be due to the adsorption of a significant amount of 
enzyme on the NP surfaces. 
3.2. UV-vis and fluorescence spectra of native and NP bound 
a-amylase 
UV-vis spectroscopy is an effective and simple tool to explore 
structural change in protein molecules [21, 28]. The UV-vis 
spectra obtained by the NP titration experiment demonstrate 
that the protein niicroenvironment at pH 6.0 was perturbed 
(figure 4). Upon addition of an increasing concentration of 
SUOT-NPS a consecutive regular increase in the absorbance 
maxima of proteir at 280 nm is shown. This might be due 
to the partial or ful adsorption of enzyme on the surface of the 
NPs. These results indicate that there is an interaction between 
Sn02-NPs and aamylase through ground state complex 
formation [29]. 
The conformational changes of a-amylase in the presence 
of SnOi-NPs were evaluated by measurement of the intrinsic 
fluorescence intensity of tryptophan residues of protein 
(figure 5). NPs having diameter in the range 30-70 nm 
efficiently quench a-amylase, as evidenced by the progressive 
decrease in the emission maximum intensity. This quenching 
effect indicated th;it SnOa-NPs strongly interact with the 
chromophore residues of protein (figure 6). The tendency 
of red-shift to occur in the protein upon binding of NPs 
suggests that the interaction was specific and involved only a 
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Figure 5. Fluorescence spectra of a-amylase were recorded in the 
range 300-500 nm in the presence of varying concentrations of 
Sn02-NPs (from a -^ e are 0.0, 0.2, 0.4, 0.6 and 1.0 mM, 
respectively). Inset: change in fluorescence intensity (FI) at 340 nm 
with NPs as monitored by intrinsic fluorescence by exciting protein 
at 280 nm. 
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Figure 6. Stern-Volmer plots of NP quenching for a-amylase. The 
enzyme concentration was kept constant (5.0 ;xM) while the NP 
concentration increased from 0.0 to 1.0 mM. Values shown are the 
ratios of fluorescence in the absence of NPs (F,,) to the fluorescence 
at that concentration of quencher (F). 
limited part of tfie protein [.^0]. The change in fluorescence 
emission maxima suggests the solvent exposure of some of 
the tryptophan residue that was in the hydrophobic core 
of the protein under native conditions. Quenching of 
fluorophores by metallic NPs has also been reported by earlier 
investigators [< i SS\. 
3.3. Effect ofNP binding on the secondary structure of the 
enzyme 
CD is a powerful analytical tool for studying the interaction 
of proteins with other molecules and determining the 
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Figure 7. Far-UV CD spectra of a-amylase at different NP 
concentrations. Spectra were recorded in the wavelength region 
200-250 nm. A constant enzyme concentration 7.0 /xM was used in 
each set of experiments while the NP concentration was 0.0 to 
1.0 mM. Inset: change in MRE value of a-amylase at 222 nm with 
increasing concentration of NPs. The NP concentration was 0.0 to 
1.0 mM, while the protein concentration was 7.0 /xM. 
Table 1. Effect of Sn02-NP binding on the secondary structure of 
a-amylase. [Note: the MRE value in deg cm' dmor' is calculated 
by equation (2). The % a-helix content was calculated by the Chen 
ef a/method (equation (})) [14]. The % /i-sheet content was 
calculated by online K2d software [38].] 
a-helix /51-sheet 
MRE222 „„, (%) (%) 
Native a-amylase 
a-amylase -f-0.2 mM Sn02-NPs 
a-amylase -1-0.6 mM Sn02-NPs 
a-amylase -1-1.0 mM Sn02-NPs 
protein conformation in solution or adsorbed onto other 
molecules [.34]. Figure 7 shows CD spectra of cc-amylase 
recorded in the wavelength range of 200 to 250 nm; the results 
are expressed as mean 'esidual ellipticity in millidegrees. 
The result showed that a relatively more compact structure 
of protein was obtained in presence of NPs, as shown by a 
more negative spectrum n far-UV CD (figure 7). The CD 
spectra displayed characteristic peaks (intensive positive peak 
at around 190 nm and two negative double humped peaks 
at 208 and 222 nm) of a high a-helical content in native 
enzyme [35]. In the presence of NPs, an increase in the a-
helix was observed (table 1), which suggested the interaction 
between Sn02-NPs and a-amylase. The increased percentage 
of Qi-helical protein structure showed that NPs bound to the 
amino acid residues of the polypeptide chain of a-amylase, 
thus increasing the hydrogen bonding networks. 
3.4. Kinetic studies 
Catalytic properties of free and NP-bound enzymes were 
evaluated with soluble starch as a substrate. The Michaelis-
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Figure 8. Lineweaver-Burke plot for free a-amylase (open square) 
and NP-bound a-amylase (filled square). All the samples were 
assayed in 50 mM phosphate buffer, pH 6.0 at 50 °C in the presence 
of a variable amount of starch. The intercept on the j-axis 
corresponds to l/Vnm and the intercept on the A-axis to -X/Km-
Data presented are an average of values ±SD of n = 3 experiments. 
Menten constant {Km) and inaximum activity (Vmax) were 
determined at pH 6.0 and 50 °C (figure H). The values 
of Km in the present enzymatic assay were found to be 
26.96 and 28.45 mginl" ' for the free and immobilized a-
amylase, respectively. The smaller value of K m in the 
case of free enzyme indicates that free enzyme has a higher 
affinity for the substrate. The value of Vmm obtained for 
the immobilized a-amylase was 3.116 mg ml"' min"' which 
is one order of magnitude lower than that of free enzyme 
(4.173 mg ml ' min ' ) . The increasing A'm value of NP-
bound enzyme is might be due to structural changes of the 
enzyme in the presence of NPs brought about by a higher 
rigidity and compactness in protein structure and diffusion 
limitations of the substrate [36, 37]. The secondary and tertiary 
structure of the enzyrme is known to play an important role in 
the enzyme activity, as the rearrangement and conformational 
changes in these structures may result in the enhancement or 
suppression of enzyme activity. 
4. Conclusions 
Enzyme dysfunction is related to many diseases. It is desirable 
to be able to regulate enzyme conformation and function. NPs 
can be selected to specifically bind enzymes and control their 
functions after surface modifications, providing a promising 
strategy for therapy. In this study, SnOa-NPs were synthesized 
using a simple sol-gel method and were characterized by 
XRD, FT-IR and TEM analysis. The interaction between 
a-amylase and NPs was evaluated by UV-vis, fluorescence 
and CD spectroscopic studies. The analysis of CD spectra 
indicated that the a-helical content increases considerably in 
the presence of NPs. In comparison with native enzyme, 
NP-bound enzyme revealed significant improvement in the 
stability of the a-amylase which could henceforth contribute 
to its better use in various analytical, diagnostic and clinical 
applications. Furthermore, the reactors containing such Sn02-
NP adsorbed enzyme could be exploited for the hydrolysis of 
starch in batch systems as well as in continuous systems in the 
near future. 
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Abstract Enzymes play a pivotal role in catalyzing diverse 
reactions. However, their instability upon repetitive/pro-
longed use, as well as their inhibition by high substrates 
and product concentration, remains an area of concern. In 
this study, porcine pancreatic a-amylase was immobilized 
on magnetic Fe203 nanoparticles (Fe203-NPs) in order to 
hydrolyze starch. The magnetic nanoparticle bound enzymes 
retained 94% of their initial enzyme activity. X-ray diffr-
action and atomic force microscopy analyses showed that 
the prepared matrix had advantageous microenvironment 
and a large surface area for binding significant amounts of 
protein. Functional gi^ oups present in enzyme and support 
were monitored by Fourier transform infrared spectroscopy. 
Immobilized enzyme exhibited lowered pH optimum (pH 
6.0) to a greater degree than its soluble counterpart (pH 
7.0). Optimum temperature for the immobilized enzyme 
shifted towards higher temperatures. The immobilized enzyme 
was significantly more resistant to inactivation caused by 
various metal ions and chemical denaturants. Immobilized 
a-amylase hydrolyzed 92% starch in a batch process, after 
8 h at 40°C; while thie free enzyme could hydrolyze only 
73% starch under similar experimental conditions. A 
reusability experiment demonstrated that the immobilized 
enzyme retained 83% of its original activity even after its 
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1. Introduction 
The enzymes a-amylases (E.C. 3.2.1.1) catalyze the 
hydrolysis of a-1,4 glycosidic bonds present in starch, 
glycogen, and other related carbohydrates [1]. They are 
present in plants, animals, and microorganisms and have 
extensive applications in medicine, textiles, fermentation, 
and the food industry [2]. The exploitation of soluble 
enzymes in industries is limited due to product inhibition, 
instability, non-reusability, and difficult recovery from a 
reaction system [3]. In order to overcome these limitations, 
enzyme immobilization has been considered one of the 
best alternatives to using enzymes on a large scale, in 
industrial and environmental applications [4]. Immobili-
zation also protects enzymes from denaturation and helps 
to retain them in biochemical reactors in order to further 
catalyze the subsequent feed and to offer more economical 
use of biocatalysts in indistry, waste water freatment, and 
the development of bioprocess monitoring devices, such as 
biosensors [5,6]. 
In the recent past, nanosized materials have been widely 
employed for enzyme immobilization. Due to the large 
surface area of nanosized materials, they provide superior 
loading capacity and low mass transfer resistance [7,8]. 
The magnetic nanoparticles have now been used in con-
junction with biological materials, such as proteins, 
enzymes, and nucleic acids, as they result in complete and 
easy recovery of these materials from reaction systems, 
thereby reducing the operational costs of the processes [9-
^ Spri ringer 
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In the present work, an attempt has been made to immo-
bilize ct-amylase on Fe203-NPs. The immobilized enzyme 
was characterized by X-ray diflraction (XRD), Fourier 
transform-infrared (FT-IR) spectroscopy, and atomic force 
microscopy (AFM). Thermal behavior of both soluble and 
immobilized a-amylase was studied by thermo-gravimetric 
(TGA) and differential thermal analysis (DTA). Effects of 
various metal ions and denaturing agents on the activity of 
soluble and immobilized a-amylase were monitored. 
Hydrolysis of starch by soluble and immobilized enzymes 
was performed in batch processes. The reusability of the 
immobilized enzyme was also examined. 
where A. is the X-ray wavelength (1.54060 A), B is the full 
width at half-maximum of Fe203 (400) line, and 0 is the 
diffraction angle. 
2.4. Immobilization of a-amylase 
FejOj-NP (40 mg) was added to a-amylase (2,083 U), and 
this mixture was stirred overnight in 0.1 M sodium pho-
sphate buffer, pH 7.0 at 4"C. The enzyme bound on nano-
support was collected by centriftigation at 5,000 x g for 10 
min at 4"C. The unbound enzyme was removed by wash-
ing it three times, with a 0.1 M sodium phosphate buffer, 
pH 7.0. The immobilized enzyme was stored in an assay 
buffer at 4°C for fijrther use. 
2. Materials and Methods 
2.1. Materials 
Materials used included a-Amylase (Porcine pancreas), 
starch, maltose, glucose and 3,5 dinitro-salicylic acid (DNS); 
these were purchased from SRL Chemicals (Mumbai, 
India). Ferric nitrate, mono hydrated citric acid, and metal 
ions were obtained from Sigma-Aldrich Co. (USA). All 
other chemicals and reagents were of analytical grade and 
were used without flirther purification. 
2.2. Synthesis of FeiO^-NF by sol-gel method 
Ferric oxide nanoparticles (Fe203-NPs) were synthesized 
according to the procedure described by Raming et al, with 
several modifications [12]. Ferric nitrate (200 mL, 0.1 M) 
was used as a precursor solution and was gelated with 800 
mL of mono hydrated citric acid (0.05 ~ 0.2 M); as ligand 
and triple distilled water were used as solvents. Ferric 
nitrate was added, diropwise, to the citi-ic acid solution; it 
was vigorously shaken. The solution was heated, at 70°C, 
with continuous stining until the gel was formed and the 
water was completely evaporated. The dried gel was then 
annealed at 100''C ibr 16 h in order to solidify the gel, 
which was grounded for 30 min. The formed Fe203-NP 
was used for ftirther studies. 
2.3. XRD analysis of FezOj-NP and FejOj-NF adsorbed 
a-amylase 
The crystal structure of Fe203-NP and Fe203-NP, which 
adsorbed the a-amylase, was obtained with an X-ray 
dififractometer (Rigaku Miniflex X-ray diflractometer), 
using a monochromatized X-ray beam with nickel-filtered 
Cu Ka radiation. A continuous scan mode was used to 
collect 2 e data from 5° to 80°. The particle size (D) of the 
samples was determined by Scherer's formula as: 
D = 0.9 X/B cos e 
2.5. AFM analysis 
The tapping mode AFM experiment of free nanoparticles 
and enzyme bound nanoparticles was performed using 
commercial etched silicon tips as an AFM probe, with a 
characteristic resonance frequency of ca. 300 Hz (RTESP, 
Veeco). The samples were placed, dropwise, on a mica 
wafer, air dried at room temperature for 12 h, and the 
images were recorded with a Veeco Innova nanoscope 11 
AFM. Microscopic scans v/ere carried out on several surface 
positions in order to check the surface uniformify. 
2.6. FT-IR analysis of enzyme, FejOj-NP and FejOj-NP 
adsorbed a-amylase 
The FT-IR spectra of the enzyme, Fe203-NP and Fe203-
NP, adsorbed a-amylase; these were recorded through the 
potassium bromide pellet method on INTERSPEC 2020 
(USA) in the range of 400 ~ 4,000/cm. The calibration was 
performed by polystyrene film. Samples were injected with 
a Hamiet 100 |iL syringe in an ATR box. The syringe was 
washed with acetone; this was followed by distilled water. 
FT-IR analysis was performed in order to examine the 
fiinctional groups present in the enzyme and support. 
2.7. Thermogravimetric and differential thermal analysis 
TGA was performed using a Mettler-3000 thermal analy-
zer with a 2.0 mg sample, with heating rate of 10°C/min in 
N, atmosphere. DTA analysis was also carried out in a 
similar heating range, using TA-DSC, Q 200 (USA). 
2.8. Effect of pH and temperature 
Enzyme activity of soluble and immobilized a-amylase 
(51.0 U) was assayed in the buffers of different pHs (4.0 ~ 
8.0). The buffers used were sodium acetate (pH 4.0, 5.0), 
sodium phosphate (pH 6.0, 7.0), and Tris-HCl (pH 8.0). 
The molarity of each buffer was 0.1 M. The activity at pH 
7.0 and pH 6.0 were taken as control (100%) for the 
calculation of the remaining percentage of activity for the 
soluble and immobilized enzymes, respectively. 
^ Springe 
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The activity of soluble and immobilized a-amylase (51.0 
U) was measured at various temperatures (20 ~ 80°C). 
Enzyme activity at 40 and 50°C was taken as control 
(100%) for the calculation of the remaining percentage of 
activity for the soluble and immobilized enzymes, respec-
tively. 
2.9. Effect of metal ions on activity of soluble and 
immobilized a-amylase 
Soluble and immobilized a-amylase (51.0 U) was in-
dependently incubated, with a 5.0 mM solution of metal 
ions (chlorides of Na", K^ Mg^+, Cu^\ Co^\ Ba-', Zn^', 
Ca^^, and Fe^^); their activity was determined in a 0.1 M 
sodium phosphate buffer, pH 7.0 at 40°C. The activity of 
enzymes in the absence of metal ions was taken as control 
(100%) for the calculation of the remaining percentage of 
the activity for the soluble and immobilized enzymes. 
2.10. Effect of urea on activity of soluble and immobi-
lized a-amylase 
Soluble and immobilb^ed a-amylase (51.0 U) was incubated 
with a 4.0 M urea for different time intervals. The enzyme 
activity without urea was taken as control (100%) for the 
calculation of the remaining percentage activity for the 
soluble and immobilized enzymes. 
2.11. Reusability of immobilized a-amylase 
Immobilized a-amylase (51.0 U) was taken in triplicates in 
order to assay its activity. After each assay, the immobiliz-
ed enzyme was taken out from assay tubes and stored in a 
0.1 M sodium phosphate buffer, pH 7.0 at 4°C. This proce-
dure was repeated for eight consecutive days. The activity 
determined on first day was considered as the control 
(100%) for the calculation of the remaining percentage 
activity after each use. 
2.12. Hydrolysis of starch in batch process 
Starch solution (1.0%, w/v) was incubated independently, 
with soluble and immobilized a-amylase (4,850 U) at 40°C 
with constant stirring for 8 h. The aliquots (500 |aL) were 
taken out at indicated time intervals, hydrolysis of starch 
and the formation of maltose was assayed by the DNS 
method [13]. 
2.13. Activity assay for a-amylase 
The activity of a-amylase was assayed by the DNS method 
[13], using a 1.0% soluble starch as a substrate. The 
enzyme in a 0.1 M sodiurri phosphate buffer, pH 7.0 (250 
(xL) and starch (250 fiL), was incubated for 30 min at 
40°C. The reaction was stopped by adding 1.5 mL DNS 
reagent and heating the solution in boiling water for 5 min. 
DNS is a coloured reagent, and the reducing groups 
released from starch by a-amylase action were measured 
by the reduction of this reagent. After cooling, 1.5 mL of 
distilled water was added and, finally, absorbance was 
recorded spectrophotometrically, at 540 nm. 
One unit (1.0 U) of a-amylase activity is defined as the 
amount of enzyme that liberates 1.0 jxM of maltose per 
min, under standard assay conditions. A standard curve of 
absorbance against the amount of maltose was prepared to 
calculate the amount of maltose released during assay. 
2.14. Estimation of protein 
Protein concentration was determined by a dye binding 
method [14]. Bovine serum albumin was used as a standard 
protein. 
2.15. Statistical analysis 
Each value represents the mean for three independent 
experiments performed in duplicates, with average SDs of 
< 5%. Data were analyzed by one-way ANOVA, and p-
values of < 0.05 were considered statistically significant. 
3. Results and Discussion 
3.1. Immobilization efficiency of a-amylase 
Several methods have previously been employed for the 
immobilization of a-amylase. Among these methods, phy-
sical adsorption onto insoluble materials has been con-
sidered one of the preferred choices, due to its simplicity 
and regeneration of support. Moreover, this method of 
enzyme immobilization does not require pre-activation 
steps for support [15]. 
Table 1 demonstrates the immobilization efficiency of 
a-amylase. Fe203-NP adsorbed a-amylase preserved 94% 
of its initial enzyme activity which was higher compared to 
previous reported immobilization studies [16,17]. 
3.2. XRD analysis 
Table 1. a-amylase immobilized on Fe^Os-NP 
Enzyme loaded 
(X)(U) 
2jm 
Enzyme activity 
in washes 
(Y)(U) 
U528 
Activity bound to Fe203-NP (U) 
Theoretical 
(X-Y=A) 
554 
Actual Effectiveness factor 
(B) (B/A) = (/7) 
521 0.94 
Activity yield (%) 
(B/Ax 100) 
94 
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Fig. 1. XRD analysis of FejOj-NP and Fe203-NP adsorbed a-
amylase. XRD analysis of Fe203-NP (A) and Fe203-NP adsorbed 
a-amylase (B) was obtained with an X-ray difflactometer (Rigaku 
Miniflex X-ray diffi-actometer) using a monochromatized X-ray 
beam with nickel-filtered Cu Ka radiation, in the range of 5" ~ 
80". 
The difiraction patterns of Fe203-NP and Fe203-NP ad-
sorbed a-amylase are represented in Fig. 1. The results 
showed that nanoparticles have hexagonal crystal sym-
metry with an average crystalline size of 26.90 nm (Fig. 
lA), which was decreased to 24.25 nm (Fig. IB) after 
enzyme adsorption. The intensity peaks of the NPs were 
masked after immobilization as the enzyme covered signi-
ficant parts of the NP surfaces [18]. The binding of mag-
netic nanoparticles to bioactive substances involved a 
number of interactions, including interactions between 
organic ligands and those between amino acid side chains 
of protein and metal centers. This might be accredited 
better enzyme-substrate interactions on immobilization, 
with the availability of larger surface areas on nanoparticle 
and possible structural modulation or better exposure of the 
active site [19]. Moreover, such coupling of biomolecular 
entities with nanoparticles provides enhanced thermal stability 
of the enzyme, allowing its use in various analytical, bio-
technological, and industrial applications [20]. 
33 . AFM and FT-IR analysis 
Morphological infonnation presents a physical picture of 
how a-amylase molecules are assembled on nanoparticle 
surfaces (Fig. 2). The roughness shown in these images can 
also be analyzed and related to the pattern of immobili-
zation. We used the peak-to-valley distance in these images 
as an indicator of surface roughness. As shown (Fig. 2A), 
the nanoparticle surfijce is relatively smooth and has small 
peak-to-valley distance. Once an enzyme molecule is ad-
sorbed (Fig. 2B), there was a significant increment in peak-
to-valley distance. Thus, we can conclude that nanoparticle 
surfaces were ftilly covered with enzymes after immobili-
Flg. 2. Atomic force microscopy of Fe203-NP and Fe203-NP 
adsorbed a-amylase. Tapping mode AFM experiments were 
performed using commercial etched silicon tips as AFM probes 
with typical resonance frequencies of ca. 300 Hz. Atomic force 
micrographs for Fe203-NP (A) and Fe203-NP adsorbed a-amylase 
(B) have been shown. 
zation, which corresponds to high enzyme loading [21,22]. 
Fig. 3 shows FT-IR spectra of Fe^Os-NP, a-amylase and 
FcjOs-NP adsorbed a-am) lase. FT-IR spectroscopy reveal-
ed that the formation of hydrogen bonds between amino 
groups and water may result in tremendous water solubi-
lity, which makes them ideal for enzyme immobilization 
[23]. A sharp peak was observed at 538/cm (Figs. 3A and 
3C), which is characteristic of Fe-0 vibrations. The amide 
1 peak appeared between 1,600 and 1,700/cm due to C=0 
stretching vibrations of the protein backbone. This peak is 
sensitive to short range, imposed by distinct hydrogen 
bonding arrangements in the secondary structure of the 
proteins [24]. The peak at 1,1 OS/cm (Fig. 33) is most likely 
reflecting an imidazole ring of the histidine side chain. The 
interactions of NPs with C'-N groups of enzymes were also 
evident with the shifting of the amide A band from 3,341/ 
cm toward ahigher frequency, 3,349/cm (Figs. 3B and 3C) 
[25]. 
3.4. TGA and DTA analysis 
TGA and DTA results of free and Fe^Os-NP bound a-
amylase are shown in Fig. 4. The TGA spectra of enzyme 
showed a 5% loss in weight at 200°C, followed by a sharp 
•^Sp, ringer 
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Fig. 3. FT-IR spectra of Fe203-NP, a-amylase and Fe203-NP adsorbed a-amylase. FT-IR analysis was performed to monitor the 
interactions between em^mes and nanoparticles. FT-IR spectra of Fe203-NP (A), a-amylase (B) and Fe203-NP adsorbed a-amylase (C) 
were monitored with nsTERSPEC 2020 (USA) in the range of 400 ~ 4,000/cm. 
4 09 ^ 
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Fig. 4. Thermogravimetric and differential thermal analysis of a-
amylase and Fe203-NP adsorbed a-amylase. Fig. 4 shows a 
thermogravimetric analysis of a-amylase (A) and Fe203-NP adsorb-
ed a-amylase (C). The differential thermal analysis of a-amylase 
(B) and Fe203-NP adsorbed a-amylase has been shown in (D). 
peak at 400°C; this indicates a weight loss of over 65% 
(Fig. 4A). However, Fe2(D3-NP adsorbed a-amylase ex-
hibited very slight (5%) weight loss (Fig. 4C) under a 
similar temperature range. The significant weight loss in 
the free enzyme might be due to the removal of free and 
bound water and solvent. 
The DTA curve showed that thermal decomposition of 
enzymes begins at 180°C (Fig. 4B) while Fe203-NP ad-
sorbed a-amylase retained a significantly higher stability 
of up to SOOT (Fig. 4D). This showed that the immobi-
lized enzyme preparation can be employed at a higher 
temperature for various applications. 
3.5. Effect of pH and temperature 
The pH optimum for soluble enzymes was found at pH 7.0, 
which shifted to pH 6.0 upon immobilization (Fig. 5). A 
shift in pH optimum ufion immobilization depends on 
enzyme microenvironment as well as the structure and 
charge of the matrix [26]. The change in pH optimum for 
immobilized a-amylase has also been reported by several 
earlier investigators [27,28]. 
The temperature optimum for a-amyiase shifted from 40 
to 50°C after immobilization (Fig. 6). However, as the 
temperature increased, activity of free enzymes decreased 
more rapidly, compared v/ith the immobilized counterpart. 
The inability of a free enzyme to enhance its thermal 
stability is one of the major limitations for its application in 
continuous reactors. An increase in temperature optimum 
of immobilized enzymes revealed that the enzyme might 
be more rigid to structural changes induced by heat [29,30]. 
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Table 2. Effect of metal ions on soluble and immobilized a-
amylase 
Fig. 5. pH activity profiles for soluble and immobilized a-
amylase. The enzyme activity of soluble and immobilized a-
amylase (51.0 U) was measured in the buffers of various pHs. The 
buffers used were: siodium acetate (pH 4.0, 5.0), sodium 
phosphate (pH 6.0, 7.0) and Tris-HCI (pH 8.0). The molarity of 
each buffer was 0.1 M. The activity at pH 7.0 and pH 6.0 were 
taken as controls (100%) for the calculation of remaining percent 
activity for soluble and immobilized a-amylase, respectively. The 
symbols show (-D-) soluble and (-•-) immobilized a-amylase. 
.to *« fa 
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Fig. 6. Temperature activity profiles for soluble and immobilized 
a-amylse. The activity of soluble and immobilized a-amylase 
(51.0 U) was measured at various temperatures (20 - 80°C) for 30 
min. The enzyme activity at 40 and 50"C was taken as control 
(100%) for the calculation of remaining percent activity for the 
soluble and immobilized enzymes, respectively. For symbols, 
please refer to figure legend 5. 
3.6. Effect of metal ions 
Our studies showed tfiat the activity of immobilized enzymes 
was less affected in the presence of various metal ions, 
compared with free enzymes (Table 2). However, we 
obseiA'ed that Cu^^ caused maximum inhibition in the 
activity of both free and immobilized enzymes [31]. The 
relative activity of tlie immobilized a-amylase was higher 
than that of the soluble enzyme in the presence of NaCl, 
KCI, CaCl., and CoCb [32]. 
Metal ions 
(5.0 mM) 
None 
NaCl 
KCI 
MgClj 
CuCb 
C0CI2 
BaCb 
ZnCb 
CaCb 
FeCls 
Remaining activity (%)" 
Soluble enzyme 
100 
106.') ± 2.90 
103.6±l.ll 
96.:! ± 0.97 
21.7 ±2.00 
81.4 ±1.94 
112.2 ±2.54 
53.0 ±1.27 
97.) ±1.11 
63.1 ±2.46 
Immobilized 
enzyme 
100 
118.1 ±1.71 
110.5 ±2.51 
97.6 ±2.85 
35.7 ±2.37 
114.7 ±1.43 
91.4 ±1.65 
77.6 ±1.25 
105.7 ±0.95 
92.3 ± 1.69 
"TTie percent activity of an enzyme compared with the activity without 
the presence of metal ions. 
Fig. 7. Effect of 4.0 M urea on soluble and immobilized a-
amylase. Soluble and immobilized a-amylase (51.0 U) was 
incubated with 4.0 M urea, in a 0.1 M sodium phosphate buffer, 
pH 7.0. Enzyme activity was determined at different time intervals 
under conditions mentioned in the text. To caJculatethe remaining 
percent activity, untreated samples were considered as controls 
(100%). For symbols, please refer to figure legend 5. 
3.7. Effect of urea 
The immobilized a-amylase was more stable than the 
soluble enzyme upon exposure to 4.0 M urea for a longer 
duration (Fig. 7). The result showed an 81% loss in enzyme 
activity for soluble enzymes, while the immobilized enzyme 
retained more than 40% with identical exposure. Earlier 
studies have indicated that proteins become unfolded due 
to direct interaction of urea molecules with the peptide 
backbone, via hydrogen bonding or hydrophobic interactions 
[33]. Molecular crowding confinement theory has predicted 
that Fe203-NPs provide a beneficial confined space that 
resists conformational changes to the immobilized enzyme, 
even at higher concentration of urea [34]. 
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Table 3. Hydrolysis ol' starch by soluble and immobilized a-
amylase in batch processes at 40"C 
Time (min) 
0 
30 
60 
90 
120 
180 
240 
300 
360 
420 
480 
Remaining 
Soluble 
ND 
14 ±0.69 
20 ±2.11 
25 ±1.34 
36 ±2.08 
47 ±1.22 
6!± 1.34 
67 ±0.98 
73 ±1,75 
73±l . l l 
73 ± 2.43 
activity (%) 
Immobilized 
ND 
9± 1.39 
15 ±1.42 
20 ± 2.48 
42 ± 0.99 
59 ±2.22 
68 ±1.90 
74±!.10 
83 ± 0.79 
92±1.15 
92 ±1.42 
ND: Not determined. 
3.8. Hydrolysis of starch in batch processes by soluble 
and immobilized a-amylase 
Table 3 describes th(; hydrolysis of starch by the soluble 
and immobilized a-amylase for various time intervals at 
40"C. The soluble and immobilized enzymes hydrolyzed 
61 and 68% starch after 4 h of incubation, respectively. 
Additionally, the maximum hydrolysis of starch, 74% by 
the free enzyme, was attained after 8 h, while the immobi-
lized enzyme hydrolyzed a higher concentration of starch 
(92%) under similar incubation time. This was due to the 
fact that the soluble enzyme was more accessible to the 
substrate for first few hours but, after a prolonged period of 
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Fig. 8. Reusability of immobilized a-amylase. The reusability of 
immobilized a-amylase was monitored for 8 successive days. The 
preparation was taken in triplicates and assayed for the remaining 
percentage activity. The activity determined on the first day was 
taken as the control (100%) for the calculation of the remaining 
percentage activity afler each use. 
time, the rate of hydrolysis decreased more quickly. This 
might be due to the enzyme unfolding or the inhibition of 
enzyme activity by its own product [35,36]. Satish et al. 
reported similar results, where starch was hydrolyzed by a-
amylase immobilized on super porous cellulose beads [37]. 
3.9. Reusability 
Enzymes are quite expensive products, so reusability and 
operational stability are important criteria for enzyme 
application at the industrial level. Immobilized a-amylase 
showed 83%i residual actixity even after the 8* consecutive 
use (Fig. 8). The significani retention in immobilized enzyme 
activity on repeated uses might be due to the multipoint 
non-covalent attachment of the enzyme to nanosupport. 
4. Conclusion 
In this study, a-amylase was immobilized onto Fe203-NPs 
by a simple adsorption mechanism with excellent catalytic 
efficiency. Immobilized a-amylase was found to be stable 
against various types of physical and chemical denaturants. 
The increased temperature optimum of immobilized 
enzyme results in several benefits; higher temperature 
decreased the viscosity of both substrate and product, 
increased the reaction rate with less operational time, and 
minimized the risk of microbial contamination. Reusability 
experiments further supported that the adsorbed enzyme 
did not detach from the nanosupport with repeated use and, 
therefore, such preparations could be considered for the 
continuous hydrolysis of starch for longer durations, even 
at higher temperatures. Thus, such immobilized enzymes 
could prove useftil for the efficient conversion of starch in 
continuous reactors at the indusfrial level. 
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Nomenclature 
AFM : Atomic force microscopy 
DNS : 3,5 Dinifro-saiicylic acid 
DTA : Differential thermal analysis 
FT-IR : Fourier fransform-infrared spectroscopy 
NPs : Nanoparticles 
TGA : Thermo-gravimetric analysis 
XRD : X-ray diffraction 
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Abstract 
Present study demonstrates the immobilization of acetone tractionated Ipomoea batata (sweet potato) (3 amylase on an morganic support, 
Celite-545 by simple adsorption mechanism. The adsorbed enzyme exhibited an activity yield of 244 U g' of the matrix with effectiveness factor 
'»;' 0.83. Interaction between Celite-545 and enzyme was confirmed by fourier transform infrared spectnjscopy and atomic force microscopy. 
The bindmg efficiency of enzyme to the support was analyzed by eluting it with 1.0 M NaCl. Both soluble and immobilized (i amylase exhibited 
same pH optima while temperature optimum of immobilized enzyme was shifted from 50°C to 60"C. The immobilized (3 amylase preparation was 
superior to the free enzyme in hydrolyzing starch in a batch process; it hydrolyzed starch to 88% and 96% at 40°C and 50°C, respectively whereas 
soluble enzyme hydrolyzed only 83% and 80% of starch under similar experimental conditions. The immobilized (3 amylase retained 84% of 
its original activity after 30 days storage at 4"C, while the soluble enzyme showed only A\% of the initial activity under identical conditions. 
Immobilized (3 amylase retained 79%i activity even after its 7"' repeated use. 
Keywords; P amylase; Celite-545; immobilization, sweet potato; batch process 
Abbreviations; AFM, atomic force microscopy; DNS, 3,5 dinitro-salicylic acid, FT-IR. fourier transform infrared spectroscopy 
INTRODUCTION 
P Amylase (B.C. 3.2,1.2) is an exoamylase which is widely 
distributed in higher plants and microorganisms. Among plant 
sources sweet potato is thought to be a promising source 
of (3 amylase with fair thermostabilitj' [1]. It catalyzes the 
hydrolysis of a-1, 4 glycosidic linkages at non reducing end 
of starch and related carbohydrates [2], The biotechnological 
application of p amylase includes the production of maltose 
and high maltose syrups. Maltose is widely applied in food and 
pharmaceutical industries, since its properties are represented 
by mild sweetness, good thermal stability and low viscosity in 
solution [3,4]. 
An effective application of free enzymes is hindered due to 
several drawbacks like thermal instability, rapid loss of catalytic 
activity during operation and storage period and sensitivity to 
numerous denaturing agents [5.6]. Such drawbacks can be 
circumvented by using enzymes in their immobilized form [7-
9]. 
Several methods including entrapment, adsorption, 
encapsulation in membranes, chemical cross linking by 
using bifunctional or multifunctional reagents and bioaffinity 
based procedures have been employed previously for enzyme 
immobilization [10,11]. Among these methods, adsorption of 
enzymes on particulate carriers is one of the simplest and cost 
effective immobilization techniques [12]. 
Celite-545 has recently been used as an immobilization 
matrix owing its inexpensive nature and other desirable physical 
properties like large surface area with high enzyme loading and 
enormous porosity which increase enzj'me accessibility to the 
substrate. Moreover, it shows higher thermal and chemical 
stabilities with greater resistance to microbial degradation 
[13,14]. 
In this study, /. batata p ;unylase has been immobilized on 
an inexpensive support, Celite-545. The immobilized enzyme 
preparations were characterized by fourier transform infrared 
spectroscopy (FT-IR) and atomic force microscopy (AFM) in 
order to monitor the functional groups and surface topography, 
respectively. The stability of soluble and immobilized p 
amylase has been investigated against several physical and 
chemical denaturants. Hydrolysis of starch in batch processes 
at varying temperatures by soluble and immobilized enzyme 
was also evaluated. 
MATERIALS AND METHODS 
Materials 
Celite-545 (20-45 \i mesh) was obtained from Serva 
Labs (Heidelberg, German)). Starch, maltose, glucose and 
DNS were purchased from SRL Chemicals (Mumbai, India). 
Acetone was obtained from Merck (Darmstadt, Germany). /. 
batata was purchased from local market. Other chemicals and 
reagents employed were of analytical grade and used without 
any further purification. 
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Extractiun and partial purification of |} amylase from 
sweet potato 
Mature, healthy Ipomoea batata roots (200 g) were washed 
thoroughly with distilled H,0, cut into small pieces and 
homogenized in 100 ml of O.I M sodium phosphate buffer, pH 
6.0. The suspension was filtered through 4 layers of cheesecloth. 
Filtrate thus obtained was centrifuged at 10 000 x g for 30 min 
at 4°C. The crude extract was initially fractioned by 50% (v/v) 
chilled acetone saturation. This solution was continuously 
stirred overnight at 4°C for complete precipitation of proteins. 
After centrifugation at 10 000 x g for 30 min, precipitated 
pellets were collected and resuspended in two-pellet volume of 
cold buffer. The solution was dialyzed against 0.1 M phosphate 
buffer of pH 6.0 for overnight. Undissolved particles were 
removed by centriftigation and the clear solution was stored in 
assay buffer at 4°C for further use. 
Adsorption of p amylase on Celite-545 
Celite-545 (1.0 g) was suspended in 50 ml of 0.1 M 
phosphate buffer and stirred for I h at room temperature. 
The fine particles present in suspension were removed by 
decantation and similar procedure was repeated thrice [15]. The 
binding of P amylase on support was carried out by incubating 
1232 U of enzyme g' of Celite-545 and this mixture was stirred 
overnight in 0.1 M sodium phosphate buffer, pH 6.0 at 4°C. The 
enzyme bound on Celite-545 was collected by centrifugation at 
3 000 X g for 15 min at 4°C. Unbound enzyme was removed by 
washing thrice with buffer and immobilized enzyme was stored 
in assay buffer at 4°C for further use. 
FT-IR spectra of Celite-545 and Celite-545 adsorbed P 
amylase 
FT-IR spectra of Celite-545 and Celite-545 adsorbed p 
amylase were recorded by the potassium bromide pellet method 
on INTERSPEC 2020 (USA) in the range of 400-4000 cm"'. 
The calibration was done by polystyrene film. The samples were 
injected by Hamiet 100 )il syringe in ATR box. The syringe was 
first washed with acetone followed by distilled water FT-IR 
analysis was done to examine the functional groups present in 
enzyme and support. 
.4FIV1 analysis 
TappingmodeAFM experiments ofCelit-545 and Celite-545 
adsorbed p amylase were performed using commercial etched 
silicon tips as AFM probes with typical resonance frequency 
of ca. 300 Hz (RTESP, Veeco). The samples were placed drop 
wise on a mica wafer, air dried at room temperature for 12 h and 
the images were recorded with a Veeco Innova nanoscope II 
AFM, AFM scans were carried out on several surface positions 
to check the surface uniformity. 
Effect of NaCI on immobilized enzyme 
The Celite-545 adsorbed p amylase (1.0 U) was incubated 
with 1.0 M NaCl in 0.1 M sodium phosphate buffer, pH 6.0 
at 50 °C for varying times. Activity of untreated enzyme was 
considered as control (100%) for the calculation of remaining 
percent activity. 
Effect of pH 
Soluble and immobilized P ainylase (1.0 U) was assayed in 
the buffers of different pH (pH 2.0-8.0). The buffers used were 
glycine-HCl (pH 2.0), sodium acetate (pH 3.0, 4.0), sodium 
phosphate (pH 5.0-7.0) and Iris-HCl (pH 8.0). The molarity of 
each buffer was 0.1 M. Maximum activity obtained at pH 6.0 
was taken as control (100%) for the calculation of remaining 
percent activity. 
Effect of temperature 
Effect of temperature an soluble and immobilized p 
amylase (1.0 U) was studied by measuring activity of enzyme 
preparations at various temperatures (20-80°C) in 0.1 M sodium 
phosphate buffer, pH 6.0. 
In another set of experiment, soluble and immobilized P 
amylase (1.0 U) was independently incubated at 60°C in 0.1 M 
sodium phosphate buffer, pH 6.0, for varying times. Aliquots of 
each preparation were taken at indicated time intervals, chilled 
quickly in ice for 5 min and activity was measured. The activity 
obtained without incubation at 60°C was taken as control 
(100%) for the calculation of remaining percent activity. 
Storage stability 
Soluble and the immobilized P amylase were stored at 4°C 
in 0.1 M sodium phosphate buffer, pH 6.0 for over 30 days. ITie 
aliquots from each preparation (1.0 U) were taken in triplicates 
at the gap of 5 days and were then analyzed for the remaining 
enzyme activity. The activit)' determined on the first day was 
taken as control (100%) for the calculation of remaining percent 
activity. 
Reusability of immobilized p amylase 
Immobilized enzyme was taken in triplicates for assaying 
P amylase activity. After each assay the immobilized enzyme 
preparation was taken out, washed, and stored overnight in 0.1 
M sodium phosphate buffer, pH 6.0, at 4°C. The activity was 
assayed for seven successive days. The activity determined 
for the first day was considered as control (100%) for the 
calculation of remaining percent activity after each use. 
Starch hydrolysis in batch process 
Starch solution (1% w/v) was independently incubated 
with soluble and immobilized P amylase (500 U) at 50°C and 
60°C respectively under stirring condition for 6 h. Aliquots 
were taken out at different time intervals and assayed for the 
formation of maltose by DNS method [16]. 
Measurement of p amylase activity 
Activity of p amylase was assayed by DNS method with 
slight modifications [16]. 250 \i\ of enzyme in buffer was 
added to 250 )il substrate (1% w/v) and the resulting mixture 
was incubated for 30 min a: 50°C. Reaction was stopped by 
adding 1.5 ml of DNS solution and then heated in a boiling 
water bath for 5 min. After cooling, reaction mixture was 
diluted with distilled water. Absorbance was measured 
spectrophotometrically at 540 nm with maltose as standard. 
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One unit (1.0 U) of P amylase activity is defined as the 
amount of enzyme that liberating 1 mg of maltose min' under 
the standard assays conditions. A standard curve of absorbance 
against amount of maltose was constructed to calculate the 
amount of maltose released during assay. 
Estimation of protein 
Protein concentration was estimated according to the 
procedure described by Lowry et al [17]. BSA was used as a 
standard protein. 
Statistical analysis 
Each value represents the mean for three independent 
experiments perfonried in duplicates, with average SDs. <5%. 
Data were analyzed by one-way ANOVA. P-values <0.05 were 
considered statistically significant. 
RESULTS AND DISCUSSION 
Immobilization efficiency of p amylase on Celite-545 
The present study involves direct immobilization of partially 
purified P amylase from /. batata on an inexpensive support, 
Celite-545. Thus, the cost of enzyme purification is minimized. 
Celite-545 is an inorganic mechanically stable, non-toxic and 
non-biodegradable diatomaceous earth which has been used 
widely to immobili/'e various enzymes and proteins [15,18]. 
The binding of (3 amylase on support was significantly affected 
by change in pH. Enzyme was maximally adsorbed at pH 6.0 
and retained 244 U P amylase activit)' g"' of Celite-545 with 83% 
preserved activities (Table I). In the literature, for immobilized 
p amylase, various values for binding capacities and preserved 
activities are given. For example, when immobilization of sweet 
potato P amylase was achieved on chitosan beads and spheron 
based support, preserved activities were reported as 59% and 
76%, respectively[l9,20]. Furthermore 49% immobilized 
efficiency was observed on immobilizing barley p amylase on 
polyacrylamide polymer [21]. 
Table 1. p Amylase Immobilized on Celite-545 
Enzyme 
Loaded 
(X)(U) 
1232 
Enzyme 
activit)' 
in wasiies 
(Y)(U) 
939 
Activity boimd/g ofcelite545 (U) 
Theoretical 
{X-Y=A) 
292 
Real 
(B) 
244 
Effectiveness 
factor 
(B/A) = (,;) 
0,83 
Activity 
yield % 
(B/A^IOO) 
83% 
Each value represents die mean for diree independent experiments performed in 
duplicates, with avei^ age standard deviations, < 5%, 
Figure. 1. FT-IR spectra of Cel:ite-545 (a) Eind Celite-545 adsorbed p 
amylase (b) 
FT-IR analysis 
The FT-IR spectra of Celite-545 and Celite-545 adsorbed p 
amylase are used to investigate the interaction between enzyme 
and support (Fig. I). The premier intensity peak at 1079.63 cm' 
is due to asymmetric Si-O-Si stretching vibration of Celite-545. 
The band at 791.57 cm'' is attributed to the symmetric 
stretching of the ring structure of (SiO)^ tetrahedra [22]. The 
vibration of H^O caused by the hydrogen bonds of protein with 
silanol groups is presented at 1639.48 cm' [23]. Furthermore, 
peak at 3362.70 cm'' due to C-H stretching indicated strong 
interactions of enzyme with Celite-545 [24]. Intensity peak of 
Si-O-Si stretching vibration at 1079.63 cm' was decreased to 
1074.20 cm' when enzyme was adsorbed to support surface. 
AFM analysis 
Visualization of surface topography of support and enzyme 
adsorbed on it with AFM revealed a significant amount of 
enzyme molecules immobilized on the support (Fig. 2). The 
functional groups existing on Celite-545 surface were also 
verified by FT-IR spectroscopy. We used the peak-to-valley 
distance in these images as an indicator of the surface roughness. 
The support surface, before p amylase immobilization, was 
smooth (Fig. 2a), compared with the enzyme immobilized 
surfaces. It is evident that as the immobilization progressed 
the roughness of support surface increases, which could be 
seen from the increase of peak-to-valley value (Fig. 2b). The 
roughness of the sample surface is an important feature and 
should play an important role in affecting the enzyme activity. 
This observation is consistetit with those in previous reports 
[25]. 
Effect of 1.0 M NaCl on immobilized p amylase 
The activity of immobilized enzyme was evaluated after 
incubating it with I.O M NaCI for 4 h at 50<'C (Fig. 3). The 
adsorbed enzyme exhibited retention of signifcant enzyme 
activity even in presence of 1.0 M NaCl. Result showed that 
binding of P amylase with Celite-545 was quite strong and 
such type of immobilized emyme prepstrations could be easily 
exploited for industrial applications. Ashraf and Husain, showed 
similar results with radish peroxidase when immobilized on 
DEAE cellulose[26]. 
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Figure 2. 3D AFM images of Celite-545 (a) and Celite-545 (j amylase (b) 
Effect of pH 
A shift in enzyme activity upon immobilization towards 
acidic or basic directions is natural since the microenvironment 
of the free and immobihzed enzyme is quite different. Charge 
and structure of support material, along with nature of the 
activators impart a significant etTect on enzyme activity. 
Therefore, comparing the activity of soluble and immobilized 
enzyme as a function of pH forms an important part of the study 
[27]. 
Fig. 4 demonstrates the pH-activity profiles for soluble 
and immobilized |3 amylase. Both soluble and immobilized 
enzyme preparations showed the same pH-optima pH 6.0. 
However, immobilized P amylase retained significantly higher 
enzyme activity at alkaline sides as compared to soluble under 
similar experimental conditions. Several earlier investigators 
have previously reported the broadening in pH optima for the 
immobilized amylases [18,28]. 
Effect of temperature 
The inability to enhance the thermal stability of a native 
enzyme is one of the most important limitations for their 
application in continuous reactors. Studies showed an increa,se 
in temperature-optimum from 50°C to 60°C for immobilized 
enzyme (Fig. 5). At 70°C the activity retained by immobilized 
enzyme was significantly higher (83%) as compared to soluble 
enzyme (28%). Thermal inactivation studies showed 88% of 
the initial activity retained by immobilized enzyme after 2 h 
exposure at 60°C whereas the free enzyme exhibited 62% 
activity under identical themal exposure (Fig 5). Further 
incubation of soluble enzyme at 60°C for 4 h resulted in a 
loss of 64% activity whereas immobilized enzyme retained 
significantly higher activity. 66%. 
Noda et al in their studies observed higher temperature 
optima for immobilized p amylase in comparison to its soluble 
countepart'*. Similarly an increase in temperature-optima was 
noticed when soybean p amyhise was immobilized on chitosan 
beads. The shift in temperatun,- optima of immobilized enzyme 
might be due to conformational changes at higher temperatures 
that might expose active site:- more appropriate for substrate 
interaction thereby increasing its apparent enzymatic activity 
[29,30]. 
Reusability of immobilized p amylase 
Enzymes are quite expensive products. Immobilization as a 
technique ensures the recycling and reusability of the enzyme. 
The most important advantage- of immobilization is its repeated 
uses. Reusability pattern of immobilized p amylase showed 
about 79% of initial activity retention even after its 7"' repeated 
use (Fig. 7). The trivial activ ity loss upon reuse could be due 
to frequent encountering of s ubstrate into the same active site 
which might distort it and this distortion could dwindle the 
catalytic efficiency either partially or fully[31]. 
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Figure 4. pH-actJvit>' profiles of soluble and immobilized p amylase 
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Storage stabilit^ y 
Table 2 depicts the storage stability- of soluble and 
immobilized P amylase. Immobilized enzyme retained 84% 
of its initial activity after 30 days of storage while its soluble 
counterpart exhibited only 43% of its original enzyme activity. 
The greater stability offered by this inexpensive immobilized 
(3 amylase preparation for longer duration and at higher 
temperatures might bring about its use in the continuous 
production of novel products of industrial importance at large 
scale. 
Figure 5. Temperature activity profiles of soluble and immobilized p 
amylase 
Starch hydrolysis in batch processes 
Starch is a very important raw material for the production 
of sweeteners, adhesives, thickening and binding agents. Table 
3 illustrates the hydrolysis of starch in batch process by soluble 
and immobilized p amylase at AdfC and 50°C, respectively. It 
was noticed that the hydrolysis of starch by soluble enzyme was 
82% after 5 h at 40°C whereas immobilized enzyme exhibited 
88% of the hydrolytic activity under identical conditions. 
Hydrolysis of starch with free and immobilized p amylase 
at 50°C after 3 h incubation was 74% and 85% respectively. 
It was observed that only 80% starch was hydrolyzed by the 
free enzyme after 4 h at 5()°C. However, the hydrolysis of 
starch by soluble enzyme beyond this limit did not exhibit any 
significant increase whereas the maximum starch hydrolysis 
achieved by immobilized enzyme reached to 96% in 6 h (Table 
3). The results showed that t;ie rate of hydrolysis was more in 
case of soluble enzyme for tie first few hours as compared to 
immobilized enzyme. It was due to the fact that soluble enzyme 
was more accessible to staich for first few hours but after 
prolonged incubation, the rate of hydrolysis decreased. It might 
be due to enzyme unfolding or inhibition of enzyme activity 
by its own product [32,33] Satish et al have reported similar 
results where starch was hydrolyzed by immobilized a-amylase 
on super porous CELBEADS [34]. 
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Table 2. Storage stability of soluble and immobilized 
amylase at 4''C 
Number of days 
Control 
05 
10 
15 
20 
25' 
30 
Remaining activity (%) 
SpA 
100 
91 ± 1 41 
77 ± 1.25 
60± 1.13 
52 ±2.31 
47 ± 1.88 
43 ± 1.09 
IPA 
100 
97 ± 1.68 
94 ± 1.57 
93 ±0,97 
88 ±1,22 
85 ±2,10 
84 ±1,32 
MurTib«r of uses 
SpA; Soluble p amylase 
ipA; Immobjlized P amylase 
Soluble and the immobilized p amylase were stored at 4 "C in 0,1 M 
sodium acetate buffer, pH 6.0 foi over 30 days. The aliquots from each 
preparation were taken in triplicates at the gap of 5 d and were then 
analyzed for the remaining enzyne activity. Each value represents the 
mean for three independent experiments performed in duplicates, with 
average standard deviation. < 5°/>. 
Figure 7. Reusability of immobilized p amylase 
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Table 3. Hydrolysis of starch by soluble and immobilized 
amylase in batch process at different temperatures 
Time 
0 
30 
60 
90 
120 
150 
180 
240 
300 
360 
^°^\. 
SPA 
ND 
59± 1.21 
64± 1.53 
67 ±1.33 
67 ± 1.88 
72 -fc 2.34 
81 i 1.09 
82 ± 0.97 
82+ 1.86 
82± 1.14 
111*) Ci 
IPA 
ND 
46± 1.71 
53 ± 2 44 
59 ± 1.22 
64 ± 0.79 
70 ± 1.57 
82 ± 1.63 
85 ± 2.09 
88 ±1.11 
88 ± 2.34 
RA%, 
SPA 
ND 
52 i 2.20 
56 ±2.63 
63 ± 1.87 
64 ±1.24 
69 ±1.88 
74 ±1.51 
80 ± 0.99 
80 ±0.83 
80 ±1.29 
11 so C) 
IPA 
ND 
49 ± 1.20 
54 ±1.74 
60 ±1.09 
72±2.15 
78 ± 1.99 
85 ±1.53 
92 ±1.41 
96 ± 2.00 
96 ± 1.57 
RA: Remaining activily 
ND; Not determined 
Starch hydrolysis was performed as described in text. Each value represents 
the mean for three independent experiments performed in duph'cates, with 
average standard deviations, < 5%. 
CONCLUSION 
Amylases are among the most important enzymes used 
for industrial purposes, and now in the light of biotechnology 
they are considered useful for biopharmaceutical applications. 
Here, an attempt has been made to obtain a simple, inexpensive 
and stable immobilized p amylase. The proteins were directly 
immobilized by adsorption from the crude homogenate, thus 
avoiding the high cost of enzyme purification. The immobilized 
P amylase exhibited better thermostability than the free enzyme 
which resulted in several benefits including low viscosity of 
substrates and products, minimized bacterial contaminations, 
increased reaction rates and decrease of operation time. 
Furthermore, immobilized enzyme significantly hydrolyzed 
starch in batch processes at high temperatures. Thus the reactors 
containing such tyi)es of inexpensive immobilized enzyme 
preparations could be exploited for the continuous hydrolysis 
of starch at large scale. 
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